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CHAPTER 1. GENERAL INTRODUCTION 
 
The production of eggs in Iowa is the largest of any state in the USA.  In conjunction 
with other poultry production, such as turkeys (Melleagris gollopavo) and broilers (Gallus 
gallus domesticus), a large amount of poultry manure is generated.  These manure sources 
provide a significant and important supply of nutrients that are used for crop production in 
Iowa.  Producers typically use poultry manure as a complement rather than a complete 
substitute for commercial N fertilizers.  This is mainly due to the high P concentration 
relative to N, where application rates are limited to avoid over–application of P.  However, 
producers, commercial manure applicators, and crop advisers have concerns regarding total–
N application at rates that supply more N than needed for corn (Zea mays L.) use, with 
potential for contamination of water bodies due to excess N.  Concern also exists regarding 
under application, which can result in reduced corn productivity.  Whether poultry manure is 
applied as the only N source, or a partial supply of needed N, producers question the 
proportion of the total manure N that should be accounted for as crop–available in the year of 
application.  With increased interest in producing more corn and growing more corn 
following corn, research is needed to evaluate the agronomic and environmental aspects of 
crop fertilization with poultry manure, specifically with Iowa soils, climate, and production 
conditions.  
This dissertation includes laboratory and field studies designed to estimate the supply 
of plant–available N to corn from several poultry manure sources and time of application, 
and to compare corn yield response between poultry manure N and commercial fertilizer.  
Furthermore, the potential environmental impact was studied by evaluation of N loss in 
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runoff with simulated rainfall from surface broadcast applied poultry manure.  The scope of 
the research included laboratory incubations, small plot field research, and on-farm field 
scale studies developed in cooperation with producers and using their manure sources, 
manure applicators, and crop production practices. 
In an incubation study, analytical methods were used for the determination of manure 
organic and inorganic N, as well as uric acid which is typically considered a readily available 
organic N form in poultry manure.  This study provided a controlled environment for 
estimating the rate of inorganic N production from poultry manure N, which is helpful in 
determining the fraction of potentially available N (PAN) to be expected from poultry 
manure when applied in the field.  Transformations of manure N were compared to a 
commercial fertilizer–N source, as well as uric acid–N, which is the main form of N excreted 
by bird species. 
The effect of time of poultry manure application and commercial N fertilizer on corn 
yield was evaluated in a detailed study at a research center.  Controlled experimental 
conditions, including rate, timing, and incorporation of manure and fertilizer were used.  This 
study provided information regarding corn plant response to layer and turkey manure N with 
the application timing and incorporation commonly practiced by producers.  The study also 
provided information regarding the effect of application time on the crop availability of 
poultry manure–N with Iowa climatic and soil conditions, and the use of soil and plant N 
status tests for monitoring the N supply from poultry manure. 
Strip trials were implemented in producer fields at multiple locations across Iowa.  
Three rates of poultry manure were applied as replicated strips across fields.  Large scale 
manure application provided better understanding of N availability with typical producer 
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application conditions and crop management.  In combination with the strip applications, 
small plots with several fertilizer N rates were superimposed to more closely evaluate the 
poultry manure N supply, as well as monitor soil inorganic N and corn plant N response to 
applied manure.  In addition, this technique allowed for determination of the need and rate 
for supplemental N fertilization, which is a common management strategy employed by 
producers using poultry manure as a N source. 
At some of the producer field sites, the environmental impact of poultry manure N 
immediately after application (with and without incorporation) was evaluated using rainfall 
simulation.  The simulated rainfall was at a rate that promoted runoff water, which was 
collected and analyzed for total and soluble N.  Manure from broiler, turkey, and layer 
facilities were used at three different rates. 
The overall research effort has provided Iowa based data that will be useful for 
developing and updating poultry manure nutrient management practice recommendations 
instead of relying on research from other states or regions, or a literature review, where 
research results may not be especially relevant to Iowa conditions and cropping systems.  
The research will also provide information useful for other regions of the Midwest USA with 
similar soils and crop production conditions. 
 
DISSERTATION ORGANIZATION 
This dissertation is presented as a series of seven chapters.  The first chapter is a 
general overview of the dissertation research.  Chapters 2 through 6 are manuscripts intended 
to be published in journals from the American Society of Agronomy.  The titles of the 
manuscripts are “Poultry Manure Supply of Potentially Available Nitrogen With Soil 
 4 
Incubation”, “Poultry Manure Nitrogen Supply to Corn and Crop Availability with Different 
Application Timing”, “Plant–Available Nitrogen Supplied from Poultry Manure to Corn”, 
“On–Farm Evaluation of Corn Response to Poultry Manure Nitrogen Application”, and 
“Surface Runoff of Nitrogen from Poultry Manure with Simulated Rainfall”.  The final 
chapter (chapter 7) provides general conclusions for the dissertation research. 
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CHAPTER 2. POULTRY MANURE SUPPLY OF POTENTIALLY AVAILABLE 
NITROGEN WITH SOIL INCUBATION 
 
A paper to be submitted to Soil Science Society of America Journal 
 
Dorivar A. Ruiz Diaz and John E. Sawyer  
 
ABSTRACT 
Poultry production is an important and growing livestock industry in Iowa and use of 
poultry manure as a crop N resource is increasing.  Potentially available N (PAN) from 
poultry manure was studied using aerobic incubation with two contrasting Iowa agricultural 
soils, a Clarion soil and a calcareous Canisteo soil.  Two consecutive incubation experiments 
were conducted, each using the same soils and treatments.  Incubation 1 used an approximate 
rate of 86 mg total–N kg–1 incubated for 112 d, and Incubation 2 used an approximate rate of 
200 mg total–N kg–1 incubated for 84 d.  Incubation 2 included more frequent initial 
sampling.  Nitrogen sources were urea and uric acid, and chicken layer (Gallus domesticus) 
and turkey (Melleagris gallopavo) manure obtained from local production facilities.  Soil 
samples were collected at multiple times during incubation and inorganic NH4+–N and 
NO3¯-N concentrations measured.  The accumulation of NO3¯–N was used to estimate PAN.  
Both the layer and turkey manure sources provided high levels of PAN, 66% of total 
manure–N for layer and 55% for turkey.  These values were significantly lower than those 
found for urea and uric acid.  The accumulation of NO3¯–N was slightly greater in the 
calcareous Canisteo soil compared to the Clarion soil.  The hydrolysis, mineralization, and 
 6 
nitrification processes took place rapidly as a majority of the accumulation of NO3¯–N 
occurred within 7 d of incubation, with no increase after 14 d.  This indicates that the NO3¯-N 
used to estimate PAN originated mainly from the combined NH4+–N and uric acid–N 
components of the poultry manures (55% of total–N for layer and 43% for turkey).  Water 
soluble N (WSN) represented approximately 66% and 58% of total–N, for the layer and 
turkey manure respectively, which are higher compared to the NH4+–N plus uric acid–N 
fraction.  These WSN analyses are very close to the estimated PAN for each manure source.  
This indicates that poultry manure analysis for WSN could improve the estimation of crop 
available–N compared to NH4+–N or a fraction of total–N. 
 
Abbreviations: OM, organic matter; PAN, potentially available N; TOC, total organic 
carbon; WSN, water soluble N. 
 
INTRODUCTION 
Iowa is the leading egg–producing state in the United States, with combined total 
income from egg and turkey production exceeding 530 million dollars ($ U.S.) in 2006.  
These two species of poultry production represent more than 85% of the poultry industry in 
Iowa (NASS, 2007).  The amount of poultry manure N excreted and captured after storage, 
with moderate nutrient retention, can provide approximately 2% of the total crop N uptake in 
Iowa (Wang et al., 1998).  Large concentrated animal feeding operations have been replacing 
small farms during the last three decades, and manure management plans are now required in 
some states for large farms.  Much research needs to be conducted to improve poultry 
manure nutrient management recommendations, including manure source and type of 
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storage, and to investigate new practices that could help optimize the manure fertilizer value 
for crop production.  
Poultry excreta, feed, and bedding materials are all considered components of poultry 
manure.  Depending upon production management and facility conditions, these components 
may vary significantly.  Poultry manure has high N content when excreted, this N is a 
combination of approximately 70% uric acid and 30% undigested protein (Huff et al., 1984; 
Nahm, 2003).  The high uric acid–N component in excreted poultry manure is converted to 
urea and NH4+–N given adequate moisture, temperature, pH, and oxygen for chemical 
reactions and microbial activity.  Uric acid is hydrolyzed by the enzyme uricase (EC 1.7.3.3), 
with presence of the enzyme depending upon bacterial activity (Schefferle, 1965).  
Ammonium–N measured in poultry manure is mainly a result of uric acid decomposition 
while in storage, rather than excreted.  The uric acid hydrolysis reaction can result in elevated 
pH, a typical characteristic of poultry manure (Sims and Wolf, 1994).  Other sources of N 
present in poultry manure can be comprised of various complex forms of organic N including 
feathers, undigested feed, and bedding materials. 
Manure organic–N applied to soil can remain in non–crop available forms, become 
non–available as the result of fixation of NH4+–N in the clay lattices (Scherer and Weimar, 
1994; Chantigny et al., 2004), or immobilized by microorganisms as organic N (Sorensen 
and Amato, 2002).  At the end of crop growing seasons, most non–crop available N remains 
or is immobilized in organic fractions (Sorensen and Amato, 2002), whereas clay–fixed 
NH4+–N may be more readily available to the crop during the growing season (Scherer and 
Weimar, 1994).  Nitrification of NH4+–N applied with manure or converted from urea, uric 
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acid, or other organic compounds occurs readily under aerobic and warm (> 10ºC) soil 
conditions, with the resulting NO3¯–N available for plant uptake, leaching, or denitrification.  
Potentially available N is a term used to describe the fraction of total–N in manure 
that is or can potentially become available for crop uptake.  For poultry manure, PAN 
depends on the manure NH4+–N, readily hydrolysable uric acid, and mineralizable organic–N 
content (Nahm, 2005).  Estimates of manure PAN can be compared to commonly used N 
fertilizers to help evaluate the potential for manure to supply N for plant uptake.  The level of 
NH4+–N in poultry manure is quite variable and depends upon the rate of uric acid 
decomposition and the potential for NH3 volatilization losses after excretion and before field 
application (Schefferle, 1965).  This variability in uric acid hydrolysis makes estimation of 
poultry manure PAN difficult given that routine lab analysis does not measure the uric acid 
component.  Research on soil inorganic–N transformations and PAN after poultry manure 
incorporation into soil has yet to be conducted on typical Iowa agricultural soils.  Through 
use of aerobic soil incubations, the objectives of this study were to estimate PAN from turkey 
and chicken layer manure amended soils, to compare soil inorganic–N over time derived 
from the poultry manure sources with a fertilizer N source and uric acid, and to evaluate 
selected manure chemical characteristics as indicators of PAN in poultry manure. 
 
MATERIALS AND METHODS 
Soils 
Two soils were selected for incubation experiments to represent a non–calcareous 
(Clarion loam) and a calcareous (Canisteo clay loam) used for corn (Zea mays L.) and 
soybean [Glycine max (L.) Merr.] production.  Soil classifications are Canisteo, Fine-loamy, 
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mixed, superactive, calcareous, mesic Typic Endoaquolls and Clarion, Fine-loamy, mixed, 
superactive, mesic Typic Hapludolls.  A bulk amount of each soil (0- to 15-cm depth) was 
collected in the fall from a field that had been in soybean that growing season, partially air 
dried, sieved (5 mm), and stored at 2°C until beginning of the incubation experiments.  Soil 
characteristics are given in Table 1. 
Sources of Nitrogen 
Poultry manure was obtained from chicken layer and turkey production facilities.  
These manure sources correspond to the most common poultry production in Iowa.  The 
layer manure was from an egg–producing hen facility, with the manure consisting mainly of 
feces with some eggshells.  The layer manure was relatively dry as in the production facility 
the manure fell through layer cages into a concrete storage pit and held in this storage area 
until removal.  This manure was sampled when the manure was removed from the facility for 
land application.  It was not stockpiled or composted.  The turkey manure was from an on–
ground production facility that used small grain hulls for bedding.  The manure was a mix of 
feces and small grain hulls scraped from the facility and stored in a covered area.  Fresh 
manure material was added periodically to the stored manure, with some mixing and aeration 
during storage.  The manure samples were placed in polyethylene bags, mixed, sieved (5 
mm), and stored at –4°C until beginning of the incubation experiments.  Manure 
characteristics for samples at application are given in Table 2. 
Incubations 
Two incubations were completed consecutively; however, the manure and soil 
materials used were the same for each incubation.  In addition to the two manure sources, 
urea and uric acid N sources were included in each incubation.  For the initial incubation 
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(Incubation 1), poultry manure was applied at an intended rate of 86 mg total–N kg–1.  Due to 
variation in N analyses between preliminary manure samples and samples at application, the 
actual manure rate varied from the intended rate.  Application rates of manure total–N, 
NH4+–N, and uric acid–N are given in Table 3.  Urea and uric acid treatments were applied at 
a rate of 86 mg N kg–1.  A control (non–N treated) treatment was also included.  There were 
three replications of each treatment, arranged in a completely randomized design within the 
incubation chamber. 
Treatments were weighed and mixed with 100g equivalent of dry soil and placed in 
individual plastic containers (5.0 cm diam. by 7.5 cm height).  Three holes, 6-mm diam. were 
drilled in each container lid to allow air exchange.  Distilled water was added to achieve 80% 
of water holding capacity and containers were placed in dark incubation chambers 
maintained at a constant 25°C temperature.  Soil moisture was maintained by checking 
weights every five d and adding distilled water as needed.  Each individual container 
corresponded to an experimental unit, with enough containers to allow multiple sampling 
dates.  Containers corresponding to each treatment were taken from the chamber at 0, 7, 14, 
28, 56, 84 and 112 d of incubation and kept frozen at –4°C until analysis. 
The second incubation (Incubation 2) was conducted to provide additional 
information shortly after treatment application.  Therefore, there were more frequent 
samplings early in the incubation, and the total incubation time was shorter.  Also, the 
application rate was increased to an intended rate of 200 mg total–N kg–1.  Due to variation in 
manure analyses, the actual manure rate varied from the intended rate.  Rates of manure 
total–N, NH4+–N, and uric acid–N are given in Table 3.  Urea and uric acid treatments also 
were applied at a rate of 200 mg N kg–1.  A control (non–N treated) treatment was also 
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included.  Containers corresponding to each treatment were taken from the chamber at 0, 
0.25, 0.5, 1, 3, 7, 14, 28, 42, 70, and 84 d of incubation and kept frozen at –4°C until 
analysis. 
 Poultry Manure and Soil Analyses 
Each of the poultry manure samples collected at application were freeze–dried and 
ground to < 2 mm with a Cyclotec mill (Tecator 109333 Sample Mill).  Freeze–drying was 
used as it has been found to minimize N conversions and NH3 losses during processing 
(Mahimairaja et al., 1990).  Total–N and total organic C (TOC) were determined by dry 
combustion with a LECO CHN-2000 analyzer (LECO Corp., St. Joseph, MI) (Nelson and 
Sommers, 1982).  Inorganic N was determined by extracting 0.5 g of freeze–dried manure 
with 50 ml of 2 M KCl for 30 min, and measuring inorganic N in the supernatant using a 
Lachat® flow injection analyzer (Lachat® Instruments, Milwaukee, WI) (Gelderman and 
Beegle, 1998).  Uric acid–N was determined by extracting 0.5 g of freeze–dried manure with 
50 ml of Na3BO3 buffer, pH 8.5, for 30 min (Alumot and Bielorai, 1979; Adeola and Rogler, 
1994).  Extracts were filtered with Whatman No. 1 and uric acid–N was determined with a 
colorimetric procedure (Alumot and Bielorai, 1979).  Manure pH was measured in a 1:2 ratio 
of solids:water.  Total P and K were analyzed by a modified EPA method 3051 (U.S. 
Environmental Protection Agency, 1999).  This procedure uses nitric acid and hydrogen 
peroxide, without hydrochloric acid.  Soil digestates were analyzed for total recoverable P 
and K by inductively coupled plasma mass spectrometry.  Water soluble N was determined 
by shaking 1 g of dry–weight equivalent fresh manure with 200 ml of distilled water for 60 
min using an orbital shaker (150 rpm), and filtering through Whatman No. 1 filter paper 
 12 
(Kleinman et al., 2002).  Total–N in the filtrate was determined by using persulfate to oxidize 
organic N and NH4+–N to NO3¯–N (Cabrera and Beare, 1993). 
The bulk soils collected were analyzed for extractable P and K with the Mehlich–3 
extraction method (Warncke and Brown, 1998), inorganic N with KCL extraction 
(Gelderman and Beegle, 1998), and organic matter (OM)  by dry combustion with a LECO 
CHN–2000 analyzer (LECO Corp., St. Joseph, MI) (Nelson and Sommers, 1982).  Particle 
size distribution was determined by the method of Kettler et al. (2001).  Soil CaCO3 content 
was measured by the modified pressure–calcimeter method (Sherrod et al., 2002) and soil pH 
was measured in a 1:1 water suspension. 
For each treatment sampling, 10 g of the incubated soil was extracted with 50 ml of 2 
M KCl solution.  The suspension was filtered thought Whatman No. 40 filter paper and the 
extract analyzed for NH4+–N and (NO3¯ + NO2¯)–N using a Lachat® flow injection analyzer 
(Lachat® Instruments, Milwaukee, WI) (Gelderman and Beegle, 1998).  Hereafter the (NO3¯ 
+ NO2¯)–N will be referred to as NO3¯–N; although it is possible that NO2¯–N could be 
present in samples at the early sampling times.  Concentrations of NH4+–N and NO3¯–N were 
corrected by subtracting the concentrations measured in the control treatments at each 
sampling time.  Ammonium–N and NO3¯–N concentrations were converted to a percent basis 
by dividing each concentration by the rate of total–N applied for each N source.   
Statistical Analyses 
The nonlinear sigmoidal regression model was used to describe the accumulation of 
NO3¯–N (Hadas et al., 1986): 
NO3¯ = a/ {1 + (a/[ NO3¯]0 – 1) exp(–ak[t–t0])}  [1] 
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where NO3¯ is the accumulated NO3¯–N (as percent of total–N applied) at time t, a is the 
asymptotic value of NO3¯, [NO3¯]0 is the initial value of NO3¯ at time zero (t0), k is a 
constant, and initial time (t0) is equal to zero.  The PAN for each N source is reflected in the 
a value.  Assessment of statistical differences among equation a values was completed based 
on calculated confidence limits (95 %). 
The nonlinear regression procedure PROC NLIN (SAS Institute, 2000) was used to 
fit equation [1] to the NO3¯–N concentrations measured with time by using the weighted least 
squares estimate of the regression parameters.  The end point for the successive interaction 
was determined by the Marquardt method (Littell et al., 2006).  
 
RESULTS AND DISCUSSION 
Manure Characteristics 
The concentration and proportion of N fractions and other constituents were different 
between the layer and turkey manure used in the study (Table 2).  Total–N and TOC 
concentrations were greater in the turkey manure, but the C/N ratio was similar for both 
manure sources.  The total–N, TOC, and C/N ratio are within range of values reported by 
previous research with these types of manure (Sims and Wolf, 1994; Gordillo and Cabrera, 
1997).  The presence of bedding material in the turkey manure showed little effect on 
chemical characteristics.  Nevertheless, OM and TOC in the turkey manure was almost two–
fold greater than the layer manure, which can be attributed to presence of the small grain hull 
bedding material.  In a study by Thomsen (2004), the addition of various types of bedding 
materials did not significantly affect manure chemical characteristics. 
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The NH4+–N concentrations were greater in the turkey manure than the layer manure 
(Table 2).  This might be attributed to a higher moisture level and to some level of mixing 
and aeration in storage with the turkey manure.  Differences in manure management would 
generate different levels of uric acid hydrolysis and subsequent accumulation of inorganic N.  
Uric acid–N in the turkey manure was slightly lower than that of layer manure (Table 2).  
Gordillo and Cabrera (1997) reported uric acid–N concentrations from 2 to 20 g kg–1, Gale et 
al. (1991) found an average concentration of 5 g kg–1 uric acid–N in 10 samples, and 
Nicholson et al. (1996) found values from 5 to 21 g kg–1 uric acid–N.  Uric acid remaining in 
poultry manure is affected by water content, as well as presence of oxygen, with these 
characteristics influencing bacterial activity and hence enzyme (uricase activity (Schefferle, 
1965).  The moisture content of the layer manure was lower than the turkey manure (Table 
2).  This may be noteworthy as the higher uric acid–N concentration was found in the 
relatively dry layer manure.  When expressed as a percentage of total–N, uric acid–N 
represented 20 and 11 % for the layer and turkey manure, respectively.  These values are 
within the range of 5 to 34% measured by Gordillo and Cabrera (1997) for a set of 15 poultry 
manure samples.   
Incubations 
In Incubation 1, the initial (sampling at 0 d) measured NH4+–N (as percent of applied 
total–N) at application was significantly lower than the total–N applied for all treatments 
(Fig.1).  The Canisteo soil had higher initial NH4+–N compared to the Clarion soil for all 
treatments except for the uric acid treatment, which indicates a faster hydrolysis of applied 
urea and manure uric acid in the Canisteo soil.  The initial sampling for Incubation 1 was 
completed within 6 h of treatment application, thus some level of hydrolysis may have 
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occurred within that time period.  Urea had the highest initial NH4+–N, suggesting a 
relatively rapid hydrolysis and conversion to NH4+–N, with higher values observed in the 
Canisteo soil.  The uric acid treatment had the lowest initial NH4+–N, which remained low 
for the incubation period.  At 7 d after application, the NH4+–N level with uric acid increased 
while the other sources had a rapid decrease.  This was observed only for the Clarion soil.  
This increase with uric acid was not observed in the Canisteo soil, likely due to a faster 
hydrolysis rate.  Uric acid, compared to urea, had a slower initial conversion to NH4+–N.  At 
14 d the NH4+–N was at background levels and the only form of inorganic N measured was 
as NO3¯–N.  This validates the use of the a value of equation [1] as an estimate PAN. 
Nitrate–N accumulation after 0 d was rapid, suggesting rapid nitrification of NH4+–N 
(Fig. 2).  Maximum NO3¯–N accumulation was significantly greater for urea and uric acid 
(Fig. 2) than either poultry manure source.  The Clarion soil treated with layer manure 
accumulated NO3¯–N (PAN) at approximately 61 % of the total–N applied, whereas turkey 
manure accumulated NO3¯–N at 51 % of total–N applied (Table 4).  The Canisteo soil treated 
with poultry manure produced slightly higher PAN compared to the Clarion soil, but the 
difference among manure sources was similar to that found with the Clarion soil (Table 4 and 
Fig. 2).  Hydrolysis and mineralization of N from the poultry manure sources was rapid, with 
most inorganic N present by 14 d, and essentially all NO3¯–N accumulated by the 28 d 
sampling (Fig. 2).  The presence of a slow release pool of N in layer and turkey manure was 
not evident as the rate of disappearance of NH4+–N and accumulation of NO3¯–N was similar 
to urea and uric acid and there was no continued accumulation of NO3¯–N after 28 d of 
incubation until the end of the incubation at 112 d (Figs. 1 and 2).  This indicates limited 
potential for a slow or residual release of N from layer or turkey manure.  Difference in 
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inorganic N accumulation observed between the manure sources (average 64% for layer and 
52% for turkey) would be due to different levels of initial manure NH4+–N and readily 
hydrolysable and mineralizable organic N compounds. 
 The rate of NH4+–N disappearance and NO3¯–N accumulation with poultry manure 
was rather similar to that with urea fertilizer and uric acid.  This implies that poultry manure 
should provide a readily available inorganic N supply for plant use, with the main source of 
this N being NH4+–N and uric acid–N.  The percent of total–N measured in the manure WSN 
analysis (Table 2) of each manure source (66% for layer and 58% for turkey) is basically the 
same as the estimated PAN (a value) for each manure source averaged across the two soils 
(66% for layer and 55% for turkey) (Table 4).  This indicates that the WSN improves the 
estimate of PAN since it seems to include a source of organic N not found as uric acid but 
which is readily mineralized. 
Incubation 2 was conducted to provide a larger N application rate and more frequent 
sampling soon after application.  The intent was to obtain more detailed information 
regarding N conversions in the early stage of incubation and additional PAN estimation. 
Ammonium–N accumulation from all N sources started immediately after 
incorporation to the soil (Figs. 3 and 4).  The increase in NH4+–N continued until the end of 1 
d, and then there was a rapid decrease by 3 d.  Concurrently, NO3¯–N accumulation was 
significantly large by 3 d.  The increase in NH4+–N after 0 d for both manure sources was 
small.  This NH4+–N can be attributed to remaining uric acid present in the manure.  Soil 
treated with uric acid showed significant increase in NH4+–N in both soils, however, the rate 
of NH4+–N formation was lower than that with urea–treated soil, indicating a slower 
decomposition rate.  This is expected considering that NH4+–N formed from uric acid passes 
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through various intermediate compounds, including urea, and the entire process is dependent 
upon bacteria activity (Bachrach, 1957; Schefferle, 1965; Sims and Wolf, 1994).  Similar to 
Incubation 1, the extractable NH4+–N remained at background levels after 14 d for all N 
sources. 
Rapid N conversions were observed for both sources of poultry manure, with nearly 
entire hydrolysis, mineralization, and nitrification occurring during the first 7 d of incubation 
(Figs. 3, 4, and 5).  After 14 d, there was no increase in accumulated NO3¯–N.  The rate of N 
conversions in the poultry manure was similar to that of uric acid and fertilizer urea.  This 
supports the hypothesis that PAN in poultry manure is originated mainly from uric acid–N, 
and likely from some readily mineralizable amino acids and proteins in addition to the 
NH4+-N initially present in the manure.  Gordillo and Cabrera (1997) proposed a two–pool 
model to describe PAN accumulation from poultry manure, a fast pool and a slow pool.  
They reported that more than 50% of total PAN accumulated within 24 h of incubation, 
generated from the fast pool.  However, their results also indicated that more than 90% of 
total PAN occurred within 7 d of incubation, which agrees with our results.  That study was 
completed under similar soil moisture conditions and at the same temperature as our study.   
Similar to Incubation 1, estimated PAN from manure total–N was higher for layer 
compared to turkey manure with both soils (Table 4).  With the manure sources, PAN values 
were lower than with uric acid and urea treated soils (Fig. 5 and Table 4).  Approximately 
50% and 63% of manure total–N applied to the Clarion soil was converted to NO3¯–N during 
the incubation period for turkey and layer manure, respectively.  With the Canisteo soil, the 
NO3¯–N generated was higher, 67 and 76% of total–N for turkey and layer, respectively.  
These estimates of PAN were similar to those obtained in Incubation 1 with the Clarion soil, 
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but with the Canisteo soil values were approximately 10% higher.  Averaged across both 
soils and incubation experiments, the estimated PAN is 66% for layer and 55% for turkey 
manure.  These values are lower than the average 80% of total applied N found for the urea 
and uric acid–N sources used for comparison. 
Since NO3¯–N derived from the applied N sources was calculated by subtracting 
NO3¯–N in the control treatments, it is possible that some of the N attributed to the N sources 
could have originated from soil OM if there was any priming effect caused by the addition of 
readily available N.  The greater soil OM in the Canisteo soil could increase its susceptibility 
to a priming effect.  Although this can not be documented in our study, various research has 
shown the priming effect is often small (Dalenberg and Jager, 1989; Kuzyakov et al., 2000; 
Fontaine et al., 2003).  The greater production of NO3¯–N observed in Canisteo soil could 
also be attributed to the higher soil pH.  Microbial activity, including nitrification, is often 
optimal at neutral to alkaline pH, and reduced with low pH (Schmidt, 1982).  The effect of 
low pH would occur more readily in the Clarion soil, which had a low initial pH.  With the 
nitrification that occurred during incubation, soil pH declined in the Clarion soil by 
approximately 0.5 pH unit, but was stable in the Canisteo soil due to the presence of free 
carbonates (data not shown).  Recovery of applied N was less than 100% for the urea and 
uric acid.  This could be due to N volatilization during incubation and soil mixing, inorganic 
N assimilation into microbial biomass, denitrification losses during incubation, or fixation in 
clay lattices (Bernal and Kirchmann, 1992; Scherer and Weimar, 1994; Calderon et al., 2004; 
Chantigny et al., 2004). 
The PAN estimates for poultry manure obtained in this incubation study are 
comparable, but higher, than the fractions of manure NH4+–N plus uric acid–N.  The 
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combined total for these fractions were 55% of total–N for layer manure and 43% for turkey 
manure (Table 2).  This suggests an additional source of readily mineralizable N in the 
manure sources.  Intermediate compounds generated during uric acid decomposition in the 
manure could contribute to the final PAN values obtained in this study, which would not be 
measured as NH4+–N or uric acid–N.  These compounds can be allantoin, oxonic acid, and 
hypoxanthine (Eiteman et al., 1994).  Also, undigested amino acids, which can represent up 
to 30% of total–N in poultry feces (Nahm, 2003) and are easily mineralized, can contribute to 
inorganic N accumulation and estimates of PAN.  Previous studies have considered the 
combined fractions of NH4+–N plus uric acid–N in poultry manures as an estimate of readily 
available N and found these N fractions to be closely related to potentially mineralizable N in 
laboratory studies (Gordillo and Cabrera, 1997), spring soil NO3¯–N accumulation 
(Nicholson et al., 2003), and fertilizer equivalent values in field studies (Chambers et al., 
1999; Nicholson et al., 2003). 
The percent of total–N measured in the WSN analysis (Table 2) of each manure 
source (66% for layer and 58% for turkey) is higher than the combination of NH4+–N plus 
uric acid–N (55% of total–N for layer and 43% for turkey).  The average estimated PAN, 
across both soils and incubation experiments, is 66% for layer and 55% for turkey manure.  
These estimates are basically the same as the WSN fraction of total–N, as also found in 
Incubation 1.  The use of WSN as an index for PAN prediction has been studied in other 
research (Gordillo and Cabrera, 1997; Qafoku et al., 2001). These researches indicated that 
WSN provides an accurate estimate of PAN and is an easy manure analysis method.  Our 
studies agree with those conclusions and that WSN provides an improved estimate of PAN 
over use of NH4+–N or a fraction of total–N.  While there was some difference in estimated 
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PAN between the two soils studied (and not consistent), prediction of differences between 
soils would be difficult in field situations due to the many varying soil properties and 
conditions.  More important would be to estimate PAN in different manure sources. 
 
CONCLUSIONS 
 Layer and turkey manure sources provided high levels of PAN in the incubation 
experiments, with an estimated PAN of 66% of total manure–N for layer and 55% for turkey.  
The accumulation of NO3¯–N was slightly greater in the calcareous Canisteo soil compared 
to the Clarion soil.  The hydrolysis, mineralization, and nitrification processes took place 
rapidly as the accumulation of NO3¯–N reached a maximum by 14 d of incubation.  The 
poultry manure sources also did not provide a slow supply of PAN as the accumulation of 
NO3¯–N did not increase with further incubation.  This indicates that the NO3¯–N used to 
estimate PAN was originating mainly from the NH4+–N and uric acid–N components of the 
poultry manure sources, 55% of total–N for layer manure and 43% for turkey manure.  
However these values are lower than estimated PAN, suggesting an additional source of 
readily mineralizable N in the manure sources.  Analyzing the manure sources for WSN 
increased the fraction of total–N to 66% and 58%, respectively, for the layer and turkey 
manure.  These WSN values are very close to the estimated PAN for each manure source.  
This indicates that manure analysis for WSN could improve the estimation of crop available–
N supply in field applications.  This should be easily performed in the lab, and could offer a 
better estimate than NH4+–N or a fraction of total–N. 
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Table 1. Selected characteristics of the soils used in the incubations. 
Soil Series NH4+–N NO3¯–N Total–N M3P† M3K† Sand Silt Clay CaCO3  OM‡ C/N ratio pH 
 - - - - - - - - - - - - - - mg kg–1 - - - - - - - - - - - - - - - - - - - - - - - - - g kg–1 - - - - - - - - - - -   
Canisteo 3 10 3576 20 394 202 475 323 46 93 14 8.0 
Clarion 3 8  1780 7 93 388 396 216 1 41 13 5.6 
†
 Mehlich–3 extractable P and K. 
‡
 OM, organic matter. 
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Table 2. Selected characteristics of the two poultry manure sources used in the incubations, dry matter basis. 
Manure Source NO3¯–N NH4+–N TOC† OM‡ Total–N Uric Acid–N WSN§ Moisture C/N ratio pH 
 - - - - - - - - - - - - - - - - - - - - - - - - - - g kg–1 - - - - - - - - - - - - - - - - - - - - - - - - - - -   
Layer <0.01 11 218 444 32 7 21 321 6.8 8.2 
Turkey <0.01 14 304 749 43 5 25 444 7.1 7.4 
† TOC, total organic carbon. 
‡
 OM, organic matter.  
§
 WSN, water soluble N. 
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Table 3. Rate of manure total-N, NH4+–N, and uric acid-N 
applied with each poultry manure source for both 
incubations. 
N source Total–N NH4+–N Uric acid–N 
 - - - - - - - - - - mg kg–1 - - - - - - - - - - 
Incubation 1 
Layer 71 24 14 
Turkey 81 26 10 
Incubation 2 
Layer 160 82 32 
Turkey 183 104 21 
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  Table 4. Nonlinear regression models that describe the accumulation of NO3¯–N for each N source 
in both incubations†. 
 Clarion  Canisteo 
N source a k [NO3¯]0 p > F  a k [NO3¯]0 p > F 
Incubation 1 
Layer 61b‡ 0.01 6.03 0.002  66b 0.01 0.34 < 0.001 
Turkey 51c 0.01 0.66 < 0.001  53c 0.01 0.49 < 0.001 
Uric acid 78a 0.01 0.91 < 0.001  78a 0.01 8.00 0.001 
Urea 75a 0.01 6.14 < 0.001  86a 0.02 2.00 0.001 
Incubation 2 
Layer 63b 0.01 1.09 0.001  75b 0.02 1.00 0.001 
Turkey 50c 0.02 1.20 < 0.001  67c 0.02 1.64 0.008 
Uric acid 77a 0.01 1.26 < 0.001  80a 0.01 2.69 < 0.001 
Urea 82a 0.01 1.00 < 0.001   83a 0.01 2.25 < 0.001 
†
 a is the asymptotic value of accumulated NO3¯–N (PAN); k is a constant; [NO3¯]0 is the initial value 
of NO3¯ at time zero. 
‡
 Means followed by the same letter are not statistically different p < 0.05. 
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Fig. 1. Extractable NH4+–N for each N source and soil during 112 d in Incubation 1.  Vertical bars represents least significant 
difference (LSD) between treatments at each sampling date where an F test was significant (p ≤ 0.05), and NS represents 
no significant difference.
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Fig. 2. Accumulated NO3¯–N for each N source and soil during 112 d in Incubation 1.  Parameters for the response equations and 
statistics are shown in Table 4.
 32 
 
 
 
 
Clarion
Sampling date (d)
0 20 40 60 80
N
H
4
-
-
N
 
(
%
 
o
f
 
a
p
p
l
i
e
d
 
t
o
t
a
l
-
N
)
0
20
40
60
80
100
Layer manure
Turkey manure
Uric acid
Urea
Canisteo
0 20 40 60 80
 
 Fig. 3. Extractable NH4+–N for each N source and soil during 84 d in Incubation 2.  Statistical significance for treatment 
differences are shown in Fig. 4 for sample dates through 14 d.  Mean differences between treatments are non–significant (p 
≤ 0.05) for sampling beyond 14 d. 
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Fig. 4. Extractable NH4+–N for each N source and soil during the initial 14 d in Incubation 2.  Vertical bars represents least 
significant difference (LSD) between treatments at each sampling date where an F test was significant (p ≤ 0.05), and NS 
represents no significant difference.
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Fig. 5. Accumulated NO3¯–N for each N source and soil during 112 d in Incubation 2.  Parameters for the response equations and 
statistics are shown in Table 4. 
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CHAPTER 3. POULTRY MANURE NITROGEN SUPPLY TO CORN AND 
CROP AVAILABILITY WITH DIFFERENT APPLICATION TIMING 
 
A paper to be submitted to Agronomy Journal 
 
Dorivar A. Ruiz Diaz and John E. Sawyer 
 
ABSTRACT 
Optimum application time of poultry manure is essential to ensure maximum crop 
utilization of N, increase agronomic and economic efficiency, and reduce risk of negative 
environmental impact.  This study was conducted to evaluate the effect of three application 
times (late fall, winter, and spring preplant) on N crop availability from two sources of 
poultry manure [laying hens (Gallus domesticus) and turkey (Melleagris gallopavo)] for corn 
(Zea mays L.) production.  Two rates of poultry manure were applied based on total–N 
intending to supply approximately 84 and 168 kg total–N ha–1.  Urea fertilizer N was applied 
at the same time as the poultry manure at six rates (0, 34, 67, 100, 134, 168 kg N ha–1).  
Effect of manure and fertilizer application time was determined by corn grain yield, grain N 
uptake (GNU), leaf chlorophyll meter (CM) reading response, and soil NO3¯–N measured in 
early June.  Soil NO3¯–N concentrations were significantly greater for manure and fertilizer 
N applied in spring compared to fall and winter application, but the same for both poultry 
manure sources.  Corn grain yield, CM readings, GNU, and soil NO3¯–N response to manure 
N were not significantly different among poultry manure sources and application timing.  
Also, estimated manure N crop availability was not different among poultry manure sources.  
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Overall crop available N from poultry manure, based on fertilizer N equivalence, using CM 
readings, GNU, and grain yield response was estimated at 43 to 53% of total–N.  The supply 
of available N to corn was not significantly affected by poultry manure application timing, 
with equivalent corn response with late fall, winter, or spring preplant despite a different 
length of time to crop uptake or delayed incorporation with the winter application. 
 
Abbreviations: CM, chlorophyll meter; GNU, grain N uptake. 
 
INTRODUCTION 
Application timing is one of the factors that can influence the efficiency in which 
applied N is utilized by crops, and research on optimum application timing of fertilizer N has 
been extensively studied (Aldrich, 1984; Randall et al., 2003; Randall and Vetsch, 2005).  
Furthermore, leaching or denitrification can be substantial when N is applied too early 
(Blackmer et al., 1989; Magdoff, 1991).  This is also a concern for poultry manure N, 
considering that approximately one third of the total–N can be present in the form of NH4+–N 
and uric acid, and that uric acid can metabolize to NH4+–N rapidly in most soils (Schefferle, 
1965).  The rapid accumulation of NH4+–N in the soil from poultry manure NH4+–N and uric 
acid content can generate substantial N conversion to NO3¯–N within a short period of time 
(Sims and Wolf, 1994).  This may increase the risk of environmental loss and reduce crop N 
use efficiency when poultry manure application timing is not optimal.     
Many studies on the effect of N application time on corn yield indicate that N should 
be applied in spring, near the time of major crop uptake (Aldrich, 1984; Fox et al., 1986; 
Mitsch et al., 2001).  However, fall application of certain N materials can also be acceptable, 
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especially on medium to fine–textured soil where winter conditions delay nitrification 
(Bundy, 1986).  Furthermore, fall application can have economic and logistic advantages; 
including time saving during busy spring planting season, frequently more favorable soil 
conditions, as well as better distribution of labor and equipment demand (Bundy, 1986).  
Spring applications in the Midwest USA often encounter potentially greater soil compaction 
and wetter soil conditions, thus many farmers prefer fall application, especially for manure.  
Comparisons of various application times of N, including fall, spring preplant, and sidedress 
applications do not always result in differences in corn yield response (Nelson and 
MacGregor, 1973; Bundy, 1986).  Studies have also shown increased corn yields when N is 
applied in the spring in years with above–normal rainfall, indicative of greater N losses 
(Stevenson and Baldwin, 1969; Welch et al., 1971).  Randall et al. (2003) found that for fall 
applied N with soil temperatures below 10°C, variation in soil temperature after application 
had no affect on corn yield response.  On the other hand, rainfall in the spring and during the 
growing season had significantly greater influence on corn yield response. 
Considerable poultry manure produced in Iowa is land–applied in the fall, and to a 
lesser extent in the spring before corn planting.  However, winter application on snow–
covered soil is also employed by farmers.  Winter application provides similar logistics and 
economical advantages to that with fall application.  Also, fresh manure generated at 
production facilities may require relocation from production facilities to land during the 
wintertime.  However, it is important to consider that loses of manure nutrients such as N and 
P can be increased by incorrect application timing and excessive manure application rates.  
Fall and winter application are often associated with potential environmental contamination 
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due to the increased risk of nutrient losses (Beckwith et al., 1998; Smith et al., 2002; Hansen 
et al., 2004; van Es et al., 2004). 
Loecke et al. (2004) suggested that fall application of solid swine manure increased 
crop–available N and improved corn yield compared to spring application.  They also 
indicated that fall applied manure produced more consistent yield benefits, attributed to 
timely net mineralization relative to plant N demand with fall compared to spring application.  
Hansen et al. (2004) found that application of solid dairy manure in the fall and winter 
generated similar N uptake and yield response with barley (Hordeum vulgare L.), however, 
considerably larger yield increase was obtained with spring application.  In a similar study, 
Thomsen (2005) found no difference in crop response among winter and spring applied solid 
dairy manure, however, significantly lower crop response was observed when manure was 
applied in early fall.  In that study, manure applied in early fall had substantially greater N 
loss with leaching, acknowledged by the author as the main reason for lower crop response.  
In addition, that study also showed that crop use efficiency of manure N was not improved 
by the combination of manure incorporation techniques and application time, and differential 
crop response was only related to the time of manure application. 
The need to investigate best practices for dry poultry manure management and land 
application has been long recognized.  Conversion of N derived from poultry manure sources 
are highly affected by soil moisture and temperature conditions.  Land application is 
generally recommended after soil temperature falls below and remains less than 10°C 
(typically in late Oct. to Nov. for much of the Midwestern USA).  This delay in fall 
application is intended to slow microbial activity and consequently reduce production of 
NO3¯–N and potential losses the following spring.  The crop availability of N derived from 
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manure and other organic materials in temperate regions is affected largely by application 
time and incorporation.  For poultry manure, these factors require an examination of potential 
optimization strategies for best crop use efficiency and manure N supply.  Little research has 
been conducted examining the effect of application timing of poultry manure on N 
availability in the Midwestern USA.  
Considering the agronomic, economic and environmental questions associated with 
fall and winter application of poultry manure, the impact of diverse application timing and 
application rates requires thorough evaluation to assist in the development of appropriate 
management recommendations.  The objective of this study was to determine the effect of 
application timing of poultry manure N on corn response, compare crop N supply from 
chicken layer and turkey manure, and estimate first–year crop availability of poultry manure 
N. 
 
MATERIALS AND METHODS 
Field Sites, Manure Sources, and Experimental Design 
The study was conducted in 2005 and 2006 at the Iowa State University Agronomy 
and Agricultural Engineering Research Farm near Boone, Iowa (42°1´ N, 93°45´ W).  
Predominant soils were Clarion Loam (fine–loamy, mixed, superactive, mesic Typic 
Hapludolls) in 2005 (Year 1) and Nicollet loam (fine–loamy, mixed, superactive, mesic 
Aquic Hapludolls) in 2006 (Year 2).  Soil samples were taken from the 0- to 15-cm depth 
across each study site prior to treatment application in the fall.  Although soils had adequate 
soil test levels for P and K (Table 1) (Sawyer et al., 2002), a uniform fertilizer rate of 37 kg P 
ha–1 and 65 kg K ha–1 was broadcast applied by hand and incorporated to all plots.  
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Phosphorus and K application were made to help mask potential effects of P and K applied 
with the poultry manure.  Fields used during both years were cropped to soybean [Glycine 
max (L.) Merr.] the previous year.  Neither field had a recent history of manure application, 
although the field in Year 1 was near an old farmstead and the very high soil test P indicates 
manure likely had been applied many years ago.  Annual and historic weather data was 
collected from an automated weather station located < 1 km from the field sites (Fig. 1). 
The experimental design consisted of factorial treatments in a complete randomized 
design with two factors, application time and N source.  Application time included late fall, 
winter and spring preplant applications, and N source included urea fertilizer and two sources 
of poultry manure (chicken layer and turkey).  The layer and turkey manure was obtained 
from commercial production facilities located nearby, and the same sources were used each 
year.  The layer manure was from an egg–producing hen facility, and the manure consisted 
mainly of feces with some eggshells.  Layer manure is relatively dry as it falls through layer 
cages into a concrete storage area and is usually held in storage pits until land application.  
Layer manure used for this study came from a stockpile stored indoors.  The turkey manure 
was from a production facility with on–ground raised turkey that used small grain hulls for 
bedding.  The turkey manure was stored in a covered area with periodical mixing and 
addition of fresh manure, increasing aeration and likely creating conditions for some level of 
composting. 
Manure was applied at two rates, a low rate targeting 84 kg total–N ha–1, and a high 
rate targeting 168 kg total–N ha–1, although actual rates varied due to variation in manure 
analyses.  Fertilizer N as urea was applied at the same time as manure application (fall, 
winter and spring) at six rates (0, 34, 67, 100, 134 and 168 kg N ha–1).  The poultry manure 
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and the commercial fertilizer was weighed for individual plots and applied by hand.  Plot size 
was 4.5 m wide (six rows) by 12 m long.  Manure and fertilizer treatments were incorporated 
with a tandem disk into the surface 15 cm of soil within 6 h of application at the fall and 
spring application timings.  The manure and fertilizer applied in the winter was not 
incorporated until the spring, and application was made on snow covered soil both years of 
the study.  Intended application times were 1 Nov. for fall, 1 Feb. for winter, and 15 Apr. for 
spring.  All treatments were applied within seven days of intended application dates.  Corn 
(‘Agrigold 6395’) was planted at 79500 seeds ha–1 on 4 May 2005 and 1 May 2006.  All corn 
production cultural practices were typical for the geographic area. 
Sampling and Analyses 
Three composite poultry manure samples were collected immediately prior to each 
application and kept frozen at – 4°C until analysis.  Samples were analyzed for total–N by 
combustion using the Elementar Vario Max CN (Watson et al., 1998), NH4+–N, and NO3¯–N 
by KCl extraction and determined with a Lachat colorimetric autoanalyzer (Peters et al., 
1998), and pH in a 1:2 ratio of solids:water.  Manure was dried at 105°C for 16 h to 
determine moisture content.  Total P and K were analyzed by a modified EPA method 3051 
(U.S. Environmental Protection Agency, 1999).  This procedure uses nitric acid and 
hydrogen peroxide, without hydrochloric acid.  Soil digestates were analyzed for total 
recoverable P and K by inductively coupled plasma mass spectrometry.  Soil samples 
collected before treatment application were analyzed for extractable P and K using the 
Mehlich–3 extraction (Warncke and Brown, 1998).  Soil pH was measured in a 1:1 water 
suspension, and organic matter was determined by dry combustion using a LECO CHN–
2000 analyzer (LECO Corp., St. Joseph, MI) (Nelson and Sommers, 1982). 
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All plots were sampled from the 0- to 30-cm soil depth when corn was 15- to 30-cm 
tall in early June for NO3¯–N analysis (Blackmer et al., 1989; Blackmer et al., 1997).  
Samples were air–dried, ground to pass a 2–mm sieve, and extracted with 2 M KCl.  An 
aliquot of the extract was analyzed for NO3¯–N using a Lachat® flow injection analyzer 
(Lachat® Instruments, Milwaukee, WI) (Gelderman and Beegle, 1998).  A Minolta® SPAD 
502 CM (Konica Minolta, Ramsey, NJ) was used to measure the corn leaf N status.  Twenty 
readings were taken on the ear leaves from randomly selected plants within each plot at the 
VT corn growth stage (Ritchie et al., 1993) using the procedure described by Shapiro et al. 
(2006).  The middle three rows of each plot were harvested with a plot combine and grain 
yield was adjusted to 155 g kg–1 moisture content.  Grain total–N was determined by dry 
combustion using a LECO CHN–2000 analyzer (LECO Corp., St. Joseph, MI).  Grain N 
uptake was calculated based on grain total–N concentration and grain dry matter yield. 
Statistical Analyses and Calculations 
Analysis of variance (ANOVA) was conducted using the PROC MIXED procedure in 
SAS (SAS Institute, 2003) and using the method of restricted maximum likelihood.  Analysis 
was completed for main and interaction treatment effects on various crop response 
parameters (grain yield, GNU and CM reading).  The effect of application timing and N 
sources were studied in a replicated factorial, cross–classified treatment structure, and using 
years as a random effect in the model.  Poultry manure sources were applied at two rates and 
urea fertilizer at six rates, with application rates nested within each N source. 
The fertilizer–equivalence method was used to assess first–year crop N availability 
for the manure sources (Klausner and Guest, 1981; Motavalli et al., 1989; Klausner et al., 
1994; Munoz et al., 2004).  Two assumptions for the use of this method are that the measured 
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plant nutrient response is an appropriate indicator of nutrient availability and that nutrient 
uptake efficiency is the same for both manure and fertilizer (Motavalli et al., 1989).  Three 
crop parameters, grain yield, GNU, and CM reading, measured in the manure treatments 
were evaluated against those obtained from the fertilizer N rates.  Regression analysis was 
completed individually for each field–year combination and application time.  Grain yield 
and CM reading response to fertilizer N was described by the exponential Mitscherlich 
function as adapted by Klausner and Guest (1981): 
 
y = A – B exp –Cx                                         [1] 
 
where y = corn response (Mg ha–1 for grain yield and readings for CM), A = maximum corn 
response, B = the response difference between A and the unfertilized control treatment, C = a 
constant, x = the amount of fertilizer or manure applied.  Equation [1] was fitted to grain 
yield and CM readings of fertilizer N rate plots using a nonlinear model.  The integration 
method was the Adaptive Gaussian Quadrature (Pinheiro and Bates, 1995; Littell et al., 2006) 
using the PROC NLIN procedure in SAS (SAS Institute, 2003).  The end point for the 
successive interaction was determined by the Marquardt method (Littell et al., 2006).  Grain 
N uptake response to fertilizer N followed a simple linear regression.  The PROC MIXED 
procedure in SAS (SAS Institute, 2003) was used to estimate the linear equation parameters.  
The fertilizer equivalent value was determined by entering response variables from the 
manured plots into the regression of the fertilizer N response that corresponded to each 
application time.  This gave the N rate that produced a similar crop parameter response (grain 
yield, GNU, and CM reading) to that of fertilizer N.  The percentage of available poultry 
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manure N was calculated by dividing the fertilizer equivalent value by the total manure N 
applied.  Fertilizer equivalent values were calculated for each manure source, rate, and 
application timing for each year.  
Analysis of covariance was completed for the response of soil NO3¯–N concentrations 
to fertilizer rate and timing.  Fertilizer rate was used as continues variable (covariate), 
application time as a fixed effect, and year as a random effect.  The analysis of covariance 
was set in the context of comparing regression models (NO3¯–N response to N fertilizer rate).  
The simplest model was used for describing the relationship between the response variable 
(NO3¯–N concentration) and the covariate (fertilizer N rate), generating linear regressions 
(Milliken and Johnson, 2002).  Hypothesis testing was completed for the slopes and 
intercepts of the three linear regressions generated.  This analysis evaluated whether all 
slopes and intercepts are equal or not.  An ANOVA analysis was completed for soil NO3¯–N 
concentrations with the manure treatments.  The PROC MIXED procedure was used for 
these analyses (SAS Institute, 2003). 
 
RESULTS AND DISCUSSION 
Weather 
Average soil temperature at the 10–cm depth following manure and fertilizer 
application with the fall application timing (1 Nov.) was comparable to the historic average 
data (Fig. 1A).  Also, no large differences were observed among the two years of the study 
and soil temperature was ≤ 10°C at the time of fall application for both years.  
Recommendations for fall application of manure in Iowa suggest avoiding application when 
soil temperature is > 10°C (Killorn and Lorimor, 2003).  Minimum N mineralization and 
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nitrification in the fall would have been expected with these low soils temperature conditions 
in both years.  The precipitation pattern was variable between years and compared to the 
historic average (Fig. 1B).  During the first year of study, the late fall and winter had more 
precipitation than normal and a relatively dry spring season with below average precipitation.  
In the second year, the late fall had more precipitation than average, a relatively dry winter 
and the early spring had more precipitation than average (in March and April) but less than 
normal in the late spring.  The late summer was wetter than normal during both years. 
Poultry Manure Characteristics and Application 
 Carbon/N ratios of applied manure ranged from 5:1 to 8:1, with similar average 
values for the layer and turkey manure (Table 2).  This suggests that the small grain hulls 
used for on–floor bedding at the turkey production site did not add C sources in quantities 
that resulted in a greatly increased C/N ratio.  It is well acknowledged that materials with 
C/N ratios of less than 20:1 do not immobilize N (Mathur et al., 1993), and thus no soil N 
immobilization would be expected from the application of these poultry manure sources.  
The NO3¯–N concentration was below the detection limit for all manure samples.  The 
observed concentration of NH4+–N varied by manure source, with higher NH4+–N 
concentrations in the turkey manure.  The layer manure used in this study was applied shortly 
after collection from the production facility and therefore considered a fresh manure source.  
This may have decreased the accumulation of NH4+–N derived from organic N, compared to 
the turkey manure source.  It is estimated that approximately 70% of the N present in poultry 
feces is in the form of uric acid, and the remaining 30% is typically in the form of undigested 
protein (Nahm, 2003). Conversion of uric acid to NH4+–N is accelerated when poultry 
manure is stored under aerobic conditions at optimum moisture level (Schefferle, 1965; 
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Nahm, 2005).  The turkey manure used for our study came from piles stored indoors that 
were mixed periodically.  This handling would provide conditions for greater conversion to 
NH4+–N.  Nitrate–N was not present in the manure used, and conditions in the freshly 
excreted manure and in storage were not conductive to NO3¯–N formation (Table 2). 
 Each of the poultry manure sources used contained high concentrations of total P and 
total K, providing average application rates of 80 kg P ha–1 and 90 kg K ha–1 (Tables 2 and 
3).  An estimated corn yield of 10 Mg ha–1 would have removed approximately 27 kg P ha–1 
yr–1 and 40 kg K ha–1 yr–1 when only grain is harvested (Sawyer et al., 2002).  This implies 
that poultry manure application at rates to meet corn N fertilization requirements would have 
the potential for soil P and K accumulation (Jackson et al., 2000).  Total manure–N applied 
(average across sources) the first year of the study was 98 and 195 kg ha–1 for the low and 
high rates respectively, and 122 and 243 kg ha–1 for the low and high rates respectively 
during the second year (Table 3).  The rates applied were variable due to variation in N 
analysis from samples collected at each application, and higher than intended due to higher 
than expected manure total–N.  The fraction of inorganic NH4+–N applied compared to 
organic–N varied by poultry manure source.  Nevertheless, the organic–N content in poultry 
manure can be the result of a combination of recalcitrant organic–N and uric acid N, which is 
rapidly converted to  NH4+–N given ideal conditions for microbial activity and consequent 
uric acid hydrolysis (Schefferle, 1965; Nahm, 2005).  Therefore, the amount of NH4+–N in 
poultry manure would change rapidly after the manure is land–applied, and the initial manure 
NH4+–N application quantity should not be strongly related to the amount of inorganic–N 
that would be present in the soil shortly after manure application. 
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Soil Nitrate 
 Soil NO3¯–N concentrations measured in early June at the 0- to 30-cm depth were 
higher for the spring applied urea fertilizer, compared to fall and winter application timings 
(Fig. 2A).  Linear regression lines were fitted to soil NO3¯–N concentration response to 
fertilizer N rate.  The null hypothesis of equal slopes failed to be rejected (p = 0.422) and 
therefore a common slope (0.0859) was used for the three regression lines (Fig. 2A).  
Calculated intercept values were 7.6 for fall, 10.7 for winter, and 14.3 mg NO3¯–N kg–1 for 
spring applied fertilizer.  Differences in soil NO3¯–N concentrations among application times 
(differences among parallel regression lines) were 3.1 mg kg–1 between fall and winter 
applications and 3.5 mg kg–1 between winter and spring applications (Fig. 2A).  The 
difference between fall and spring application was 6.6 mg kg–1.  Although small, these 
differences between application times are statistically significant (p <0.0001).  These results 
agree with a study on the effect of fertilizer N application timing where Vetsch and Randall 
(2004) found that mid–June soil sampling had higher NO3¯–N concentrations with spring 
than fall applied fertilizer N.  This was attributed to significant nitrification of the spring 
applied N by mid–June and leaching of NO3¯–N below the top 30–cm soil zone when N 
fertilizer was applied in fall.  Mineralization of organic–N and nitrification of NH4+–N is 
usually considered quantitatively negligible when soils are cool in winter, however, these 
processes take place (Chantigny et al., 2002), and may allow accumulation of NO3¯–N and 
then potential for losses from manure and fertilizer N applied in fall and winter (Beckwith et 
al., 1998). 
 Soil NO3¯–N concentrations in early June were increased with the application of 
poultry manure sources, and the concentrations were greater with the higher manure 
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application rate (Table 4 and Fig. 2B).  Soil NO3¯–N concentrations with the application of 
the low rate of layer manure produced equivalent values to that of about 40 kg ha–1 fertilizer 
N, and about 80 kg N ha–1 with the high manure application rate.  The low application rate of 
turkey manure generated soil NO3¯–N concentrations equivalent to that of 70 kg ha–1 
fertilizer N, and 110 kg N ha–1 for the high application rate.  These values represent about 
half of the total–N applied as poultry manure (Table 3).  However, when compared to the 
NH4+–N fraction applied with manure, these values represent two to three times the amount 
of NH4+–N applied.  This indicates that soil NO3¯–N in early June is more likely the result of 
manure NH4+–N plus a readily mineralizable fraction of N, likely a combination of uric acid 
and possibly undigested proteins (Nahm, 2005).  Differences in soil NO3¯–N among manure 
application timing was similar to that of fertilizer N, and soil NO3¯–N concentrations were 
higher for spring applied manure compared to fall and winter applications.  This result agrees 
with other research that showed greater soil NO3¯–N concentrations for spring applied 
manure compared to fall application (Randall et al., 1999).  The lack of significant 
interaction between manure source and application timing indicates that soil NO3¯–N 
resulting from the different manure sources were influenced in the same manner when 
applied at the different application times (Table 4). 
Chlorophyll Meter Readings 
 Corn leaf CM readings determined with the SPAD meter at the VT growth stage are 
given in Table 5.  Leaf CM readings were not significantly different among the fall, winter, 
or spring manure or fertilizer N applications (Tables 4 and 5).  These results are different 
than found for early June soil NO3¯–N concentrations in the top 30 cm of soil.  This may be 
an indication that NO3¯–N from fertilizer and manure N had moved below the top 30 cm of 
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soil with fall and winter application.  The higher application rates of fertilizer and manure 
significantly increased CM readings (Table 4), indicating the plant response to larger N 
application from both the fertilizer and manure sources.  The CM readings with the high 
manure rate were similar to the readings measured with the high fertilizer rates.  This 
indicates the high manure rate, applied from either source and timing, was able to supply 
sufficient plant available N to corn.  Manure source had a significant effect on CM readings, 
as well as grain yield and GNU, during Year 2.  This can be attributed to the higher N rate 
applied with layer manure in Year 2, and when application rates were similar (Year 1) there 
was no difference among manure sources (Table 4).  
Corn Grain Yield and Grain N Uptake 
Corn grain yield significantly responded to increasing rates of fertilizer N and poultry 
manure (Tables 4 and 6).  The mean grain yield with the manure treatments was greater than 
the control (Table 6), indicating supply of crop available–N from the manure sources.  Corn 
grain yield response to application timing of fertilizer N and poultry manure was not 
significantly different for the fall, winter, or spring applications.  This result is similar to that 
reported by Randall and Vetsch (2005) where there was no significant difference between 
fall and spring fertilizer N application with the weather conditions in the years of that study.  
A conclusion of that work was that weather conditions in early spring had a greater effect on 
corn grain yield response to applied N, rather than the application timing.  Although in our 
study we did not find significant differences in grain yield among different application 
timings, differences in measured soil NO3¯–N implies a potential for greater N loses with fall 
and winter applied N compared to spring.  Randall et al. (1999) found higher soil NO3¯–N 
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with spring compared to fall applied manure, however they found no difference in corn grain 
yield between manure application timing. 
Average corn GNU was significantly affected by manure and fertilizer application 
rate (Tables 4 and 7).  Manure and fertilizer application time had no significant effect on 
GNU (Table 7).  Our results suggests that the winter and springtime conditions in the two 
years of our study were not conducive to large N losses as the CM reading, grain yield, and 
GNU responses were not affected by the time of manure or fertilizer application.  It also 
suggests that time of application had no impact on overall N supply form the poultry manure 
sources, and did not improve or reduce the N supply differently for either manure source.  
Estimate of Manure N Crop Availability 
 Manure fertilizer–N equivalence values were calculated using CM readings, grain 
yield and GNU variables (Tables 5, 6, and 7).  Manure fertilizer–N equivalency was 
calculated based on exponential and linear fertilizer N response models for each individual 
manure application time, source, and rate (Table 8).  Average crop N availability from 
poultry manure was not significantly affected by application timing (Table 9).  The crop N 
availability was also statistically the same for the layer and turkey manure used in the study, 
even though the turkey manure included bedding.  This result agrees with the work of 
Thomsen (2004) who conducted a study to determine crop N use efficiency using 15N–
labeled poultry manure, and found that bedding material in poultry manure had no influence 
on N recovery and did not result in measurable immobilization.  Loecke et al. (2004) 
determined that fall application of dry swine manure provided greater crop available N than 
spring application due to more time for conversion of organic N to inorganic forms.  Our 
results indicate that lower NO3¯–N concentrations in the top 30 cm of soil in late spring with 
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fall and winter application indicates the potential for NO3¯–N losses, and that generally N 
loss from fall application may be more important than potential benefits gained from a longer 
time period for mineralization.  However, despite differences in measured soil NO3¯–N 
concentrations, crop response parameters were similar for all application times. 
Potential volatile N losses were not considered in this study, and most likely were 
included in calculated manure–N availability values.  Nevertheless, winter applied manure 
(non–incorporated) showed similar N availability values to that of fall and spring 
applications with incorporation.  Dry manure N volatile losses are highly variable, and losses 
have been found to reach 65 to 90% of manure ammoniacal N (Chambers et al., 1999).  
However, N volatilization is reduced with low temperatures (Sommer et al., 1991), which 
would imply a reduced loss with late fall and winter application.  Since volatile losses of 
poultry manure N are derived from ammoniacal N, and this fraction in the manure material 
used was relatively small, N losses could represent only a small part of the total manure N 
applied.  However, rapid hydrolysis of uric acid, coupled with the high manure pH, could 
result in rapid loss during and upon soil application.  Therefore, it is possible that the 
potentially volatile N fraction is mainly lost during or with initial exposure to the air after 
broadcast poultry manure application, and therefore no apparent effect from manure 
incorporation would be observed in our results. 
Another potential N loss pathway would be surface runoff.  The average surface slope 
of the areas used for our study were low (0 to 5%) and therefore N losses from winter applied 
manure by snowmelt runoff should be negligible.  Also, late fall and spring applications were 
incorporated the same day as application, thus limiting runoff potential. 
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Given the lack of significant difference due to application timing or poultry manure 
source, one single estimate of poultry manure first–year crop N availability seems 
reasonable.  Based on the results given in Table 9, the average first–year crop N availability 
from poultry manure using CM readings was estimated at 42% (95% confidence interval of 
35 to 48%), 55% (47 to 64% confidence interval) using GNU, and 48% (39 to 56% 
confidence interval) using grain yield (Table 9). These are lower than current suggested 
values for Iowa for plant available N from poultry manure (Killorn and Lorimor, 2003). 
 
CONCLUSIONS 
Corn response to poultry manure N was similar with late fall, winter, and spring 
application timing.  Chlorophyll meter readings, grain yield, and GNU were not statistically 
different between the three application times.  Late spring soil NO3¯–N concentrations were 
highest with spring fertilizer N and manure application, intermediate with winter application, 
and lowest with fall application.  This indicates either loss from the soil or movement below 
the top 30 cm of soil.  These differences were not reflected in corn N response.  Soil NO3¯–N 
concentrations were different among time of manure application, however, manure sources 
showed no statistically significant difference.  However, the lower soil NO3¯–N 
concentrations with N application in late fall when soil temperature is <10°C should not be 
considered a completely safe practice as NO3¯–N loss is possible as demonstrated by lower 
soil NO3¯–N concentrations with fall compared to spring application.  Soil NO3¯–N 
concentration and corn response was the same for the layer and turkey manure.  Despite 
different manure sources, production systems, and handling, the manure characteristics were 
similar and thus crop response was not influenced by manure source. 
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Estimated first–year crop availability of poultry manure N was statistically the same 
for the layer and turkey manure sources.  Based on equivalence to fertilizer N, crop 
availability of manure total–N was estimated at 42% using corn leaf CM readings, 48% using 
grain yield, and 55% using GNU.  These are approximately the same fraction of total 
manure–N represented by the soil NO3¯–N concentration equivalence estimated form 
fertilizer N.  Across these plant and soil N response parameters, the average first–year crop N 
availability is estimated at 50% of poultry manure total–N. 
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Table 1. Routine soil test results for 0– to 15–cm 
depth samples collected in the fall before 
treatment application. 
Soil parameter Year 1 Year 2 
Organic Matter, g kg–1 44 35 
Total–N, g kg–1 1.61 1.50 
Mehlich–3 P, mg kg–1 129 23 
Mehlich–3 K, mg kg–1 243 160 
pH 6.6 6.6 
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Table 2. Poultry manure characteristics from the layer and turkey sources applied each fall, winter and spring. 
 
 Manure Application            Total      
Source Time Moisture Total–N NH4+–N NO3¯–N Organic N P K C/N Ratio pH 
  - - - - - - - - - - - - - - - - - - - - - - - g kg–1 - - - - - - - - - - - - - - - - - - - - - -    
Year 1 
          
Layer Fall 304 40 4 < 0.01 36 20 32 6.8 6.3 
 
 Winter 250 36 3 < 0.01 33 21 33 7.2 5.9 
 Spring 256 37 4 < 0.01 32 21 34 8.0 5.8 
          
Turkey Fall 441 58 15 < 0.01 43 19 23 6.4 7.2 
 Winter 437 56 14 < 0.01 42 21 25 6.8 7.0 
 Spring 443 56 14 < 0.01 43 22 25 6.2 6.9 
           
Year 2 
          
Layer Fall 342 70 5 < 0.01 63 30 32 5.2 5.3 
 Winter 360 74 7 < 0.01 67 30 33 5.0 5.0 
 Spring 353 59 7 < 0.01 51 29 33 6.1 6.1 
          
Turkey Fall 416 51 13 < 0.01 39 30 27 6.3 6.3 
 Winter 380 51 13 < 0.01 38 32 26 6.6 6.6 
 Spring 420 49 15 < 0.01 33 25 27 7.7  7.7 
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Table 3.  Poultry manure, total–N, and NH4+–N applied with each manure application. 
Manure  Manure†  Total–N  NH4+–N 
Source Rate  Fall Winter Spring  Fall Winter Spring  Fall Winter Spring 
   - - - - - - - - - - - - - - - - - - - - - - - - - - - - kg ha–1 - - - - - - - - - - - - - - - - - - - - - - - - - - - -  
Year 1 
Layer Low  2296 2471 2454  92 89 91  8 8 11 
Turkey Low  1844 1858 1836  107 104 103  28 26 25 
Layer High  4591 4942 4908  184 178 182  17 16 21 
Turkey High  3689 3715 3671  214 208 206  55 52 50 
Year 2 
Layer Low  2170 2109 2133  152 156 126  10 15 17 
Turkey Low  1925 2043 1914  98 104 94  24 27 29 
Layer High  4340 4217 4267  304 312 252  20 29 34 
Turkey High  3851 4087 3827  196 208 188  49 54 59 
†
 Dry weight basis. 
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Table 4. Selected sources of variation of ANOVA for application time, manure source, 
manure rate, and fertilizer rate on grain yield, grain N uptake (GNU), 
chlorophyll meter (CM) reading, and soil NO3¯–N concentration.  Manure 
effects analyzed by year, and fertilizer across years. 
Source of variation df Grain yield GNU CM reading NO3¯–N 
  - - - - - - - - - - - - - - p > F - - - - - - - - - - - - - - - 
Manure Year 1 
Manure Timing (MT) 2 0.363 0.425 0.249 0.046 
Manure Source (MS) 1 0.489 0.023 0.142 0.460 
Manure Rate (MR) 1 < 0.001 < 0.001 < 0.001 0.001 
MT × MS 2 0.400 0.226 0.703 0.136 
Manure Year 2 
Manure Timing (MT) 2 0.177 0.118 0.444 0.091 
Manure Source (MS) 1 0.091 0.001 0.002 0.655 
Manure Rate (MR) 1 < 0.001 < 0.001 < 0.001 0.001 
MT × MS 2 0.259 0.362 0.286 0.318 
Fertilizer across years 
Fertilizer Timing 2 0.440 0.850 0.953 < 0.001 
Fertilizer N Rate 5 < 0.001 < 0.001 < 0.001 < 0.001 
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Table 5. Average chlorophyll meter (CM) reading response to fertilizer and poultry manure rate at the corn VT growth 
stage. 
Application Fertilizer (kg N ha–1)  Layer  Turkey 
time 0 34 67 100 134 168   Low High   Low High 
Year 1 
Fall 52 55 59 58 58 58  56 58  57 59 
Winter 50 55 58 57 60 60  56 57  55 59 
Spring 50 55 57 59 61 60  56 60  58 60 
p > F 0.650 0.960 0.119 0.491 0.020 0.519   0.989 0.190   0.321 0.735 
Year 2 
Fall 48 58 60 61 62 61  57 63  58 61 
Winter 50 56 61 60 62 62  60 62  53 59 
Spring 49 58 60 62 62 61  59 61  56 58 
p > F 0.586 0.667 0.439 0.071 0.533 0.541   0.138 0.474   0.072 0.488 
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Table 6. Average corn grain yield response to fertilizer and poultry manure application rate. 
Fertilizer (kg N ha–1)   Layer   Turkey Application 
time 0 34 67 100 134 168   Low High   Low High 
 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - Mg ha–1 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 
Year 1 
Fall 10.47 10.74 12.94 13.19 13.84 13.63  11.12 13.59  11.89 12.77 
Winter 9.18 11.83 11.60 12.14 13.09 13.83  11.94 12.50  11.66 12.65 
Spring 8.90 11.60 11.73 11.69 13.34 12.82  10.54 13.78  12.29 13.21 
p > F 0.235 0.182 0.236 0.068 0.563 0.166   0.392 0.278   0.784 0.539 
Year 2 
Fall 9.71 11.31 11.33 12.19 12.62 12.78  11.19 12.58  11.01 12.22 
Winter 9.81 11.28 11.99 11.88 13.53 12.48  12.54 13.00  9.99 11.84 
Spring 8.33 13.00 11.51 12.95 12.66 12.38  11.61 11.60  11.24 12.65 
p > F 0.474 0.295 0.134 0.502 0.571 0.548   0.417 0.644   0.095 0.679 
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Table 7. Average corn grain N uptake (GNU), response to fertilizer and poultry manure application rate. 
Application Fertilizer (kg N ha-1)  Layer  Turkey 
time 0 34 67 100 134 168   Low High   Low High 
 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - kg ha-1 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 
Year 1 
Fall 91 98 116 127 142 141  97 135  114 132 
Winter 77 105 110 121 141 151  107 120  105 132 
Spring 78 108 103 111 132 139  97 142  123 133 
p > F 0.137 0.335 0.342 0.039 0.371 0.649   0.819 0.275   0.358 0.973 
Year 2 
Fall 95 103 107 119 126 132  101 136  100 123 
Winter 89 107 119 114 143 129  123 135  87 116 
Spring 83 132 108 134 139 132  127 142  106 124 
p > F 0.818 0.381 0.112 0.374 0.464 0.852   0.017 0.764   0.056 0.816 
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Table 8. Regression equations fitted to corn grain yield (GY), grain N uptake (GNU) and 
chlorophyll meter (CM) readings (y) for fertilizer N rate (x). 
Application time Parameter† Equation Adj. r2‡ p > F 
Year 1 
Fall GY y = 14.78 – 4.57 exp(-0.010x) 0.75 < 0.0001 
Winter GY y = 13.90 – 4.43 exp(-0.013x) 0.68 < 0.0001 
Spring GY y = 13.06 – 3.73 exp(-0.018x) 0.61 0.0002 
Fall GNU y = 90.96 + 0.337x 0.85 < 0.0001 
Winter GNU y = 82.62 + 0.415x 0.91 < 0.0001 
Spring GNU y = 84.45 + 0.328x 0.71 < 0.0001 
Fall CM y = 58.38 – 6.29 exp(-0.026x) 0.62 0.0001 
Winter CM y = 60.08 – 9.56 exp(-0.019x) 0.73 < 0.0001 
Spring CM y = 61.11 - 12.58 exp(-0.019x) 0.88 < 0.0001 
Year 2 
Fall GY y = 13.25 – 3.43 exp(-0.012x) 0.48 0.0070 
Winter GY y = 13.07 – 3.24 exp(-0.016x) 0.55 0.0020 
Spring GY y = 12.39 – 2.58 exp(-0.018x) 0.63 0.0009 
Fall GNU y = 94.72 + 0.226x 0.40 0.0050 
Winter GNU y = 94.96 + 0.260x 0.54 0.0004 
Spring GNU y = 93.12 + 0.300x 0.60 0.0005 
Fall CM y = 61.25 - 12.81 exp(-0.038x) 0.92 < 0.0001 
Winter CM y = 62.39 - 12.67 exp(-0.023x) 0.88 < 0.0001 
Spring CM y = 61.74 - 13.10 exp(-0.035x) 0.80 < 0.0001 
†
 GY and GNU, (kg ha–1). 
‡
 Adjusted r2, adjusted for number of parameters in the equation. 
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Table 9. Estimate of first year crop N availability for each manure source using chlorophyll meter 
(CM), grain N uptake (GNU), and grain yield (GY). 
Application Layer  Turkey 
time CM GNU GY  CM GNU GY 
 - - - - - - - - - - - - - - - - - - - - - - - - - - % - - - - - - - - - - - - - - - - - - - - - - - - - - 
Fall 35 (9.9) † 43 (9.3) 43 (8.9)  49 (9.9) 53 (9.3) 43 (8.9) 
Winter 42 (8.5) 59 (9.3) 68 (8.9)  36 (8.5) 42 (9.3) 33 (8.9) 
Spring 47 (8.5) 74 (9.3) 35 (10.4)  42 (8.5) 62 (9.3) 69 (13.3) 
p > F 0.426 0.187 0.136  0.759 0.260 0.202 
† Standard error of the mean given in parenthesis. 
 
 
 
 
 
 68 
Month
Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct
Pr
ec
ip
ita
tio
n
 
(m
m
)
0
50
100
150
200
So
il 
te
m
pe
ra
tu
re
 
(o C
)
-5
0
5
10
15
20
25
30
Year 1
Year 2
Historic Average
A. Soil temperature
B. Precipitation
 
 
Fig. 1. Monthly mean soil temperature at the 10-cm depth (A) and precipitation (B) colleted 
from an automated weather station located at the research farm.  The historic average 
data is 20 years for soil temperature and 51 years for precipitation. 
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Fig. 2. Soil NO3¯–N concentration for each time of application averaged across years as affected by fertilizer N rate (A), and 
manure rate (B).  Soil NO3¯–N response to fertilizer N (A) follows a linear regression for each application time, with a 
common adjusted slope (0.0859) and intercept values of 7.7, 10.7, and 14.3 mg kg–1 for fall, winter and spring application, 
respectively.  The concentration differences (distance between parallel regression lines) are significantly different, p = 
0.017.  Vertical bars (B) represent least significant difference (p ≤ 0.05) within each year.
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CHAPTER 4. PLANT–AVAILABLE NITROGEN SUPPLIED FROM POULTRY 
MANURE TO CORN 
 
A paper to be submitted to Agronomy Journal 
 
D. A. Ruiz Diaz and J. E. Sawyer 
 
ABSTRACT 
The common end use of poultry manure is field application for crop production.  
However, producers question the proportion of total manure N that is available for crop 
uptake.  The purpose of this study was to estimate under field conditions the supply of plant–
available N to corn (Zea mays L.) from several poultry manure sources across Iowa and to 
compare corn yield responses for N from poultry manure and commercial fertilizer.  Manure 
was applied in field strips at two rates, a low and high rate based on total–N analysis of the 
manure, in addition to a control with no manure applied.  Fertilizer equivalency determined 
from four rates of fertilizer N was used to estimate first–year poultry manure N availability.  
Across all manure sources and applications, and using grain yield response, statistical 
confidence intervals indicated 37 to 51% of the total–N applied with poultry manure was 
available to corn.  Estimated crop availability using grain yield response was 43% across all 
sources.  Using post harvest corn stalk NO3¯–N concentration resulted in an estimated N 
availability at 45%, similar as determined with grain yield.  Corn leaf chlorophyll meter 
readings resulted in a lower availability of 35%.  Soil NO3¯–N concentrations in early June 
appeared to reflect only the NH4+–N content of the manure.  Using producer field manure 
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application and corn production conditions, this study provided estimates of poultry manure 
crop available N supply, but those values would include volatile losses.  To simplify 
producer estimation of poultry manure N supply, separate accounting for volatile losses 
would not be necessary.  A range of 45 to 50% first–year N availability from poultry manure 
for corn production seems reasonable. 
 
INTRODUCTION 
Poultry production in Iowa is a large and growing industry.  Iowa is the leading egg–
producing state in the USA (NASS, 2007).  This implies an increase in poultry manure 
production and the necessity of appropriate management practices for use as a crop nutrient 
resource.  A common end use in Iowa is application for production of corn and soybean 
[Glycine max (L.) Merr].  Manure applied at rates greater than necessary for crop production 
is not economical due to costs of un–needed nutrients.  Furthermore, manure application 
greater than crop need increases the risk of potential nutrient losses and can lead to excess 
nutrients in surface water systems.  Producers also question the proportion of total nutrients, 
especially N, in manure that is considered plant available, and are concerned about under 
application if assumed availability is too large.  Nitrogen availability estimates for use in 
nutrient management programs are derived from laboratory incubation and field studies.  
However, there is general lack of information regarding poultry manure sources in Iowa crop 
production systems. 
Research studies have shown diverse values for release of available N from poultry 
manure.  Bitzer and Sims (1988) found that approximately 67% of the organic–N fraction 
was mineralized in one year.  Current extension guidelines suggest first–year availability of 
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total–N from poultry manure is about 65% (Killorn and Lorimor, 2003).  Conversion of 
poultry manure total–N to inorganic–N has been shown to vary between 16 to 56% in a 
growing season (Chambers and Richardson, 1993; Chadwick et al., 2000).  Nicholson et al. 
(2000) found 10 to 49% N availability from poultry manure during the first year after 
application.  Poultry manure has also been found to have more readily available N compared 
with other manure sources, such as sheep (Ovis aries) and cattle (Bos taurus) (Motavalli et 
al., 1989; Rees and Castle, 2002; Cusick et al., 2006). 
Large variability in N concentration and N forms in animal manure is well 
documented, with variation depending upon manure source and application management 
(Cooper et al., 1984).  This creates a need for characterizing the N content, inorganic–N 
release, and crop availability using local poultry manure sources.  Additionally, the soils, 
cropping systems, and climatic characteristics of a particular region will greatly affect the 
crop availability of N.  When these factors are considered together, results obtained from 
local research can be considered particularity applicable to production conditions in the 
region where the research is conducted. 
Assessment of manure nutrient availability in field conditions is often based on 
calculations of fertilizer equivalency of manure (Klausner and Guest, 1981; Motavalli et al., 
1989; Klausner et al., 1994; Munoz et al., 2004; Cusick et al., 2006).  These field methods 
have also been shown to provide more meaningful results than those obtained solely from 
laboratory based indices (Motavalli et al., 1989). 
Manure application based on crop N fertilization needs can result in increased soil 
test P and thus potentially greater input of P to aquatic ecosystems.  Conversely, with P–
based applications, crops may suffer a shortage of N, and additional N fertilizer may be 
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required during the growing season.  Therefore, assessment of the fraction of total–N in 
manure that will be available for crop uptake is essential information for determining manure 
application rates and for supplemental N applications.  Furthermore, some researches suggest 
use of a soil testing approach for better estimate of additional N need  (Hansen et al., 2004), 
and current manure management guidelines in Iowa suggest use of soil NO3¯–N 
concentrations in early June for estimation of additional in–season N fertilizer requirements 
(Killorn and Lorimor, 2003). 
The objectives of this study were to (i) estimate the supply of plant–available N to 
corn from several poultry manure sources in studies on producer’s fields, and (ii) to evaluate 
soil NO3¯–N, grain yield, chlorophyll meter readings, and end–of–season corn stalk NO3¯–N 
as tools to assess N availability of poultry manure. 
 
MATERIALS AND METHODS 
Field Trials 
Eighteen trials were conducted on producers’ fields across Iowa from 2004 to 2006, 
using diverse poultry manure sources and crop management practices.  Previous crop was 
soybean for all sites and sites with no recent manure application history.  Manure was either 
supplied by the farmers or purchased from commercial facilities.  Sources used included 
manure from chicken (Gallus domesticus) for egg production (layer), broiler, (Gallus 
domesticus), and turkey (Melleagris gallopavo).  The layer manure does not include bedding 
material because chickens remain in cages above the manure storage, and the broilers and 
turkeys were on–ground raised and therefore manure includes some bedding material.  
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Broiler manure typically contains sawdust as bedding material, whereas turkey manure 
contains small grain hulls. 
The experimental design was a split–plot in a randomized complete block with 
manure rates as main plots and fertilizer N rates superimposed as subplots, with three 
replications of each treatment combination.  Poultry manure was applied in strips of 150 to 
650 m in length and 9 to 18 m in width, size depending upon the application and planting 
equipment of the particular site.  Two rates of manure were applied, intending to apply a low 
rate of 84 kg total–N ha–1 and a high rate 168 kg total–N ha–1.  In addition, there was a 
control with no manure applied.  Despite calibration of the application equipment at each 
site, deviation from target application rates occurred due to variation in expected manure 
moisture and nutrient content at sites and from one load to the next, and deviation in actual 
rate from the calibrated rate caused by the equipment during strip application (Table 1 and 
Table 2).  Manure was surface applied with broadcast spreaders used by each producer or 
custom applicator.  Final calculated application rates can be found in Table 2.  Calibration of 
spreaders was completed outside the trial areas before each manure application, with 
adjustment in speed and/or applicator rate control mechanisms to apply the desired rate.  
Portable scales were used to determine the amount of manure applied to a known area by 
weighing the application equipment and manure load.  Manure source, application date, and 
days to incorporation are given in Table 1 for each site. 
Subplots (12 m in length by 4 to 6 rows wide) with four fertilizer N rates as 
ammonium nitrate were superimposed on each manure treatment strip at 0, 56, 112, and 168 
kg N ha–1.  Fertilizer N was broadcast applied by hand within two weeks of planting.  
Phosphorus and K fertilizer as triple superphosphate and potassium chloride was broadcast 
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applied by hand and incorporated to subplots at 37 kg P ha–1 and 65 kg K ha–1.  These 
applications were made to help mask potential effects of P and K applied with the manure, as 
well as natural field variability. 
Data used here for the assessment of poultry manure N availability correspond only to 
the soil and plant responses to fertilizer N and poultry manure observed in the subplots, and 
not from the field strips. 
Sampling and Chemical Analyses 
Manure was sampled at the time of each application.  Six samples from different 
loads were collected and kept frozen at – 4°C until analysis.  Samples were analyzed for 
total–N by combustion using the Elementar Vario Max CN (Watson et al., 1998), NH4+–N, 
and NO3¯–N by KCl extraction and determined on Lachat colorimetric autoanalyzer (Peters 
et al., 1998), and pH in a 1:2 ratio of solids:water.  Manure was dried at 105°C for 16 h to 
determine moisture content.  Total P and K were analyzed by a modified EPA method 3051 
(U.S. Environmental Protection Agency, 1999).  This procedure use nitric acid and hydrogen 
peroxide, without hydrochloric acid.  Soil digestates were analyzed for total recoverable P 
and K by inductively coupled plasma mass spectrometry. 
Soil was sampled at the 0- to 15-cm depth from the subplot area before manure 
application.  Samples were analyzed for extractable P and K using the Mehlich–3 extraction 
(Warncke and Brown, 1998).  Soil pH was measured in a 1:1 water suspension, and organic 
matter was determined by dry combustion using the LECO CHN–2000 analyzer (LECO 
Corp., St. Joseph, MI) (Nelson and Sommers, 1982).  Subplots were soil sampled at the 0- to 
30-cm depth when corn was 30-cm tall in early June for NO3¯–N analysis (Blackmer et al., 
1989; Blackmer et al., 1997).  Only plots that received fertilizer at 0 and 112 kg N ha–1 were 
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sampled.  Samples were air–dried, ground to pass a 2 mm sieve, and extracted with 2 M KCl.  
An aliquot of the extract was analyzed for NO3¯–N using a Lachat® flow injection analyzer 
(Lachat® Instruments, Milwaukee, WI) (Gelderman and Beegle, 1998). 
A Minolta® SPAD 502 chlorophyll meter (Konica Minolta, Ramsey, NJ) was used to 
measure corn leaf N status.  Twenty readings were taken in all manure and fertilizer N 
subplots on randomly selected plants within the plot at the VT corn stage (Ritchie et al., 
1993) using the procedure described by Shapiro et al. (2006).  Corn was hand harvested from 
the middle two rows (7.6 m length) after physiological maturity and grain yield adjusted to 
155 g kg–1 moisture. 
Corn stalk samples were collected at the time of harvest from the same row area that 
was hand harvested for grain.  Stalk segments 20-cm long were taken at 15- to 35-cm above 
the ground from 10 plants.  The stalk samples were dried and ground to pass a 1 mm screen 
and extracted for NO3¯–N analysis by the method of Binford et al. (1992).  Automated 
colorimetric flow injection (Lachat® Instruments, Milwaukee, WI) was used to determine 
NO3¯–N in the extract. 
Statistics and Calculations 
Analysis of variance (ANOVA) was completed for each individual site to establish 
differences among fertilizer application rates for grain yield and chlorophyll meter readings.  
This analysis used the method of restricted maximum likelihood, using the PROC MIXED 
procedure in SAS (SAS Institute, 2003).  Manure and fertilizer rates were considered as fixed 
and blocks random effects in the model. 
The fertilizer equivalent method was used to assess crop N availability (Klausner and 
Guest, 1981; Motavalli et al., 1989; Klausner et al., 1994; Munoz et al., 2004).  Two 
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assumptions for the use of this method are that the measured plant nutrient response is an 
appropriate indicator of nutrient availability and that nutrient uptake efficiency is the same 
for both manure and fertilizer treated plots (Motavalli et al., 1989).  Two plant parameters, 
grain yield and chlorophyll meter readings, from the manure treatments were evaluated 
against those obtained from fertilizer N, consequently, the data used for calculations was 
obtained from plots with only fertilizer or only poultry manure.  These plant parameters were 
regressed against N rate for each site–year combination.  Quadratic–plateau and linear–
plateau regressions were tested, however, estimation of the join point of these segmented 
curves was associated with large uncertainty or was non–estimable.  This can be attributed to 
an insufficient number of fertilizer rates for the fit of these regression types.  Alternatively, 
yield and chlorophyll meter response to fertilizer N was better described by the exponential 
Mitscherlich function as adapted by Klausner and Guest (1981): 
 
y = A – B exp –Cx                                         [1] 
 
where y = corn response (Mg ha–1 for grain yield and readings for chlorophyll meter), A = 
maximum corn response, B = the response difference between A and the unfertilized control 
treatment, C = a constant, x = the amount of fertilizer or manure N applied. 
 The fertilizer equivalent value was determined by comparing variables from the 
manured subplots (with no addition of fertilizer N) with the regression curve of the fertilizer 
N response.  This gives the fertilizer rate that would have produced similar yield or 
chlorophyll meter readings to that of fertilizer N.  The percentage of available poultry 
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manure N was calculated by dividing the fertilizer equivalent value by the total manure N 
applied. 
Nonresponsive sites, as determined by ANOVA, were excluded from this analysis.  
Equation [1] was fitted to grain yield and chlorophyll meter readings of fertilized subplots 
using a nonlinear mixed model.  The integration method was the Adaptive Gaussian 
Quadrature (Pinheiro and Bates, 1995; Littell et al., 2006) using the PROC NLMIXED 
procedure in SAS (SAS Institute, 2003).  The block effect was included as a normally 
distributed random factor in the model.  The end point for the successive interaction was 
determined by the Marquardt method (Littell et al., 2006). 
Postharvest stalk NO3¯–N and soil NO3¯–N concentrations were analyzed using data 
from all subplot treatment combinations including the combined effect of fertilizer and 
manure.  Analysis of covariance was completed for post harvest stalk NO3¯–N 
concentrations, using fertilizer rate as covariate.  Manure rate was used as the fixed–effect 
treatment and site–year as a random effect.  The response to fertilizer N rate was evaluated 
with linear and quadratic regression; however, only linear regression was significant at p < 
0.05.  This produced three linear regression lines, one for each rate of manure.  Also, 
hypothesis testing was completed for all three slopes and intercepts of the linear regressions.  
This analysis evaluated whether all slopes were equal or not, and evaluated whether all 
intercepts are equal or not.  The PROC MIXED procedure was used for these analyses (SAS 
Institute, 2003). 
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RESULTS AND DISCUSSION 
 Manure nutrient concentration (total–N, NH4+–N, P, and K) varied among sources, 
however, there was no consistent difference among the layer, turkey, and broiler manure 
(Table 1).  Nitrate–N concentrations in the manure samples were all below the detection limit 
and not reported.  The specific N content of a given poultry manure source could be 
attributed to multiple factors, including production and storage management, which can 
affect the level of readily hydrolysable N forms and production of NH4+–N, as well as 
potential loses of NH3.  Therefore a poultry manure classification based on type of poultry 
(layer, turkey, and broiler) may not be the best classification method, and therefore the 
emphasis should probably be set on overall manure management systems. 
 Soil collected from the 0- to 15-cm depth at the study sites had a range of organic 
matter content and pH values considered typical for Iowa soils, and K and P concentrations 
ranged from levels considered low to optimum and high (Table 3) (Sawyer et al., 2002). 
The initial ANOVA analysis of grain yield indicated two sites were non–responsive 
to applied N (Hamilton and Dallas 2), and therefore were excluded from further analysis 
(Table 4).  Results of the chlorophyll meter readings indicated three additional sites were 
non–responsive, but were kept for further analysis.  In attempting to determine the manure 
fertilizer N equivalence, when the average crop response at a site (grain yield and chlorophyll 
meter readings) for the manure rates were greater than the maximum corn response to 
fertilizer N (expressed as the A in the fitted model), the method of fertilizer equivalence for 
manure N availability cannot be applied (Table 5). 
 Exponential regression equations were fit to fertilizer N response for grain yield and 
chlorophyll meter readings, providing parameters for equation [1] (Table 5).  The equation fit 
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statistic indices for grain yield resulted in an overall greater coefficient of determination (r2) 
and a lower Akaike’s information criteria (AIC) than indices for chlorophyll meter readings.  
These indices suggest a better regression fit for the grain yield data compared to the 
chlorophyll meter readings, and thus a potentially better estimate of fertilizer equivalence for 
manure N. 
 We attempted to classify manure–N availability by year, manure rate, time to 
incorporation, and manure source.  The effect of year, manure rate, and incorporation time 
were not significant. Although not statistically significant, turkey manure showed a relatively 
higher N availability value of 56%, whereas broiler and layer manure had an average N 
availability of 37% (Table 6).  Differences observed were minimal when based on 
chlorophyll meter readings.  Overall, poultry manure N availability for the first year of 
application was 43% based on crop grain yield and 36% based on leaf chlorophyll meter 
readings (Table 6).  Overall upper and lower confidence limits (95%) for calculated poultry 
manure N availability were 37 to 51% based on grain yield, and 31 to 41% for the 
chlorophyll meter based calculations.  Variability, expressed as standard error, was larger 
using grain yield. 
A lower responsiveness of chlorophyll meter readings at relatively high corn yield 
and tissue N had been demonstrated in earlier work (Wood et al., 1992; Dwyer et al., 1995).  
As a result, observed differences in chlorophyll meter readings become small as N supply is 
near adequate levels.  Therefore, the lower manure–N availability values based on 
chlorophyll meter readings may be due to this relationship.  This may also be the reason why 
at three sites the chlorophyll meter data could not be fit to the exponential N response 
regression. 
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The estimated N availability values for the applied poultry manure were positive for 
all sites.  This indicates crop available supply of N to corn from all poultry manure sources 
used in the study, and indicates poultry manure is a viable N resource for corn production.  
Comparatively, some manure sources, especially those with large amounts of bedding, 
provide little crop available N or even cause N immobilization.  Examples are research by 
Chambers and Richardson (1993) and Chadwick et al. (2000) where manure application 
generated significant soil N immobilization. 
The estimated range in crop N availability across all poultry manure sources of 37 to 
51% (average of 43%) is less than the current guideline value of 65% for Iowa (Killorn and 
Lorimor, 2003).  Any volatile N losses that may have occurred with the dry manure 
applications were not adjusted for in this study and would be included in the crop N 
availability estimates.  Consequently, calculated crop N availability values can only be 
attributed to remaining manure N present in the root zone.  Volatile N loss from solid poultry 
manure can be as high as 50 to 65% of ammoniacal N in manure (Chambers et al., 1999; 
Sommer and Hutchings, 2001).  Also, initial volatile N loss rates can be very high, with 
majority of loss taking place immediately upon application (Lockyer et al., 1989).  However, 
studies have also shown that volatile N loss can be low (Chambers et al., 1997).  Many 
factors can be responsible for this large variation, including environmental influences and 
manure ammoniacal N content. 
Results from our study indicate that manure volatile N losses after 24 h following 
application did not affect N supply from manure.  Sites incorporated after 24 h and with no–
tillage systems had an average availability value of 47% compared with 43% for sites 
incorporated within 24 h.  This result is similar to other research that indicated no difference 
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in manure N availability between conventional tillage and no–tillage systems (Eghball and 
Power, 1999; Mitchell and Tu, 2005).  Poultry manure is sometimes stockpiled for periods of 
time.  Chemical changes in N forms during storage and volatile N losses during storage, 
especially with mixing, can occur during this time.  This could result in the remaining 
manure–N being more stable or in forms less susceptible to volatile losses.  Furthermore, if 
the majority of N volatilization takes place at or in the initial hours after application, then 
corn response to poultry manure N and estimated crop N availability would not be influenced 
by differences in time to incorporation. 
Average soil NO3¯–N concentrations in early June increased from 13 mg kg–1 for the 
control to 32 mg kg–1 with the application of 112 kg N ha–1 fertilizer (Fig. 1).  The projected 
change in soil NO3¯–N concentration with fertilizer application was different from that 
obtained with the manure total–N application (Fig. 1).  However, the manure NH4+–N 
application rate consistently corresponded with the soil NO3¯–N concentration measured with 
the fertilizer N application, that is the increase in soil NO3¯–N from fertilizer N was 
equivalent to that of the manure inorganic–N (NH4+–N) (Fig. 1).  This is consistent with 
other research on poultry manure that suggested a rapid nitrification of the NH4+–N fraction 
(Sims, 1987), and an increase in soil NO3¯–N being due to manure NH4+–N (Nicholson et al., 
2003).  The NH4+–N present in the applied manure appears to be contributing the measured 
soil NO3¯–N and should be considered crop available.  However, it is not possible to 
differentiate if the soil NO3¯–N measured in early June results solely from applied manure 
NH4+–N or also from readily hydrolysable N fractions, such as uric acid, offsetting any 
volatile losses at application. 
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The regression approach to evaluate end–of–season corn stalk NO3¯–N shows that a 
simple linear regression model adequately described the data for the fertilizer N rates with 
and without manure.  The linear end–of–season stalk NO3¯–N concentration response to 
fertilizer N application rate obtained was similar to that reported by previous research 
(Varvel et al., 1997).  Hypothesis testing for equal intercepts was rejected and for equal 
slopes could not be rejected.  Therefore, a common linear slope model was considered 
adequate to describe the data (Fig. 2).  The common slope value was 15.3 and the intercept 
values were -0.80 g NO3¯–N kg–1 for the control (no–manure), 0.13 g NO3¯–N kg–1 for the 
low manure rate, and 1.00 g NO3¯–N kg–1 for the high manure rate.  These regressions were 
used to estimate the average fertilizer N equivalence provided by the poultry manure.  The 
stalk NO3¯–N response to fertilizer N with no–manure applied was used as reference, in 
conjunction with a stalk NO3¯–N concentration of 2.0 g kg–1.  The reference stalk NO3¯–N 
value of 2.0 g kg–1 for the fertilizer only corresponds to a 183 kg N ha–1 fertilizer N rate (Fig. 
2).  For the stalk NO3¯–N value of 2.0 g kg–1, comparable fertilizer N rate with the low 
manure rate is 122 kg N ha–1 and for the high manure rate is 65 kg N ha–1.  The smaller 
amount of fertilizer N needed to achieve a given stalk NO3¯–N concentration with manure 
application (2.0 g kg–1 used here, although any concentration could be used) is attributed to 
crop available N provided by the poultry manure.  The fertilizer N equivalent values 
correspond to 61 kg N ha–1 of available N provided by the low manure rate (183 – 122 = 61), 
and 118 kg N ha–1 by the high manure rate (183 – 65 = 118).  Relative to the manure total–N 
applied (130 and 263 kg N ha–1 for the low and high rate, respectively) these represent plant–
available values of 46% for the low rate and 44% for the high manure rate.  Use of stalk 
NO3¯–N response to fertilizer and poultry manure N appears to be a viable approach for 
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indicating the fraction of total manure N that can be considered available in the year of 
manure application.  The mean value of 45% availability is similar to the 43% estimate based 
on grain yield. 
 
CONCLUSIONS 
The layer, broiler, and turkey manure sources used in the field studies clearly 
supplied crop available N for corn production.  When sites were responsive to N, corn yields 
were increased from the manure N application.  These results show that poultry manure is a 
viable N resource for corn production across a wide range of soils and production conditions.  
Across all N responsive sites and poultry manure sources, the statistical confidence interval 
indicates that based on grain yield response 37 to 51% of applied poultry manure total–N was 
available to corn in the year of application.  This is lower than the current suggestion in Iowa 
for plant available N from poultry manure.  Since poultry manure applications included fall, 
winter, and spring, surface manure application with same–day to delayed incorporation, and 
comparison to fertilizer applied shortly after planting, any manure N losses from the soil 
system due to different application timing or volatilization would also be included in the 
estimates of poultry manure crop N availability.  However, the availability estimates do 
reflect supply of N to corn from poultry manure sources with commonly used manure 
management practices, and therefore reflect estimates that would be useful for producers.  Of 
the manure sources used in these field studies, estimated crop N availability was highest with 
turkey manure, and more similar for the layer and broiler manure. 
Soil sampled for NO3¯–N in early June appeared to measure only the mineral fraction 
(NH4+–N) of manure N in samples collected at application.  Estimated crop availability using 
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grain yield response was 43% across all manure sources.  Using post harvest corn stalk 
NO3¯–N concentration resulted in an estimated N availability at 45%, similar to that 
determined with grain yield response.  Corn leaf chlorophyll meter readings resulted in a 
lower and perhaps underestimated availability at 35%.  Using commonly practiced field 
manure application and cropping conditions, this study provided estimates of poultry manure 
crop available N supply that should be expected by producers using poultry manure as a N 
source in their corn production systems.  These estimates would include volatile N losses.  
To simplify producer estimation of poultry manure N supply, separate accounting for volatile 
losses may not be necessary and only use of the first–year crop N availability value would be 
adequate.  A first–year poultry manure N availability range of 45 to 50% appears to be a 
reasonable estimate. 
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Table 1. Poultry manure application and properties for each site, with manure samples collected at field application, 2004–2006. 
Manure Application     Nutrient Analysis† 
Site Date Type‡ DTI§ C/N Ratio pH Moisture NH4+–N Total–N P K 
      - - - - - - - - - - - - - - - - - g kg–1 - - - - - - - - - - - - - - - - - 
2004 
Clay 1 16-Apr-04  L 1 4.6 8.0 515 24 56 19 19 
Bremer 6-Apr-04  T 20 6.1 7.4 478 20 56 25 29 
Union 1 30-Apr-04  B 1 6.1 7.7 493 19 55 30 41 
Union 2 3-May-04  B 1 6.0 7.1 484 19 62 27 41 
Clay 2 16-Apr-04  L 1 5.2 8.1 529 28 47 19 17 
2005 
Greene 9-Mar-05  L NI¶ 6.6 8.2 152 4 45 18 27 
Dallas 15-Mar-05  L 25 6.9 8.3 163 4 42 16 25 
Clay 3 28-Apr-05  L 1 4.2 7.6 459 13 78 17 17 
Cherokee 1 14-Oct-04  T 1 7.4 6.6 351 10 51 20 22 
Buena Vista 15-Apr-05  L 1 7.5 6.8 390 9 44 21 23 
Cherokee 2 26-Oct-04  T 180 8.8 8.2 364 9 42 19 20 
2006 
Washington 2-Nov-05 T NI 9.9 8.0 328 7 30 22 16 
Wright 22-Nov-05 T 1 6.3 7.4 272 5 54 25 32 
Adams 10-Apr-06  B NI 7.4 8.0 358 7 48 26 42 
Union 3 21-Apr-06  B 1 6.2 7.4 360 6 53 31 45 
Taylor 24-Jan-06  B 120 7.3 6.0 249 5 52 23 31 
                                Average by Manure Source 
  Broiler 6.6 7.2 389 11 54 27 40 
  Layer 5.8 7.8 368 14 52 18 21 
  Turkey 7.7 7.5 359 10 46 22 24 
   p > F  0.083 0.085 0.939 0.785 0.590 0.001 0.001 
†
 Manure analysis on dry–weight basis. 
‡
 Manure source; L, layer; T, turkey; B, broiler. 
§
 DTI, Days to incorporation. 
¶
 NI, manure not incorporated. 
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Table 2. Manure application rate and total–N and NH4+–N applied at each site. 
 Manure Rate†  Total–N  NH4+–N 
Site Low High   Low High   Low High 
 - - - - - - - - - - - - - - - - - - - kg ha–1 - - - - - - - - - - - - - - - - - - 
2004 
Clay 1 2153 4268  112 222  33 66 
Bremer 1774 3262  108 198  20 38 
Union 1 2098 4086  120 233  20 39 
Union 2 2060 4011  134 261  22 43 
Clay 2 2528 4819  106 203  38 73 
2005 
Greene 556 1260  138 313  11 26 
Dallas  462 1097  100 237  9 22 
Clay 3 2135 4533  193 410  33 71 
Cherokee 1 810 1352  76 127  14 24 
Buena Vista  1089 1864  77 131  15 26 
Cherokee 2 665 1579  49 117  11 26 
2006 
Washington  4016 6808  242 410  54 92 
Wright 1206 2498  163 338  26 53 
Adams  1641 3665  140 313  20 46 
Union 3 1478 3368  140 319  17 39 
Taylor  1192 2380   187 374   19 38 
†
 Dry weight basis. 
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Table 3. Soil classification and initial soil test information for each site, with samples collected 
before manure application at the 0- to 15-cm depth. 
  Predominant Soil   Soil Chemical Analysis† 
Site Series Subgroup   M3P‡ M3K§ pH OM¶ 
    - mg kg–1 -   g kg–1 
2004 
Clay 1 Marcus Typic Endoaquoll  26 141 6.2 60 
Bremer Readlyn Aquic Hapludoll  12 155 7.3 33 
Union 1 Sharpsburg Typic Argiudoll  9 110 6.8 42 
Union 2 Sharpsburg Typic Argiudoll  10 220 6.5 47 
Clay 2 Clarion Typic Hapludoll  17 102 6.4 50 
2005 
Greene Clarion Typic Hapludoll  24 115 6.4 29 
Dallas 1 Cylinder Aquic Hapludoll  18 178 6.5 52 
Clay 3 Marcus Typic Endoaquoll  44 149 6.3 62 
Cherokee 1 Galva Typic Hapludoll  12 130 7.0 43 
Buena Vista Primghar Aquic Hapludoll  21 153 6.6 50 
Cherokee 2 Galva Typic Hapludoll  14 161 6.2 41 
2006 
Washington Nevin Pachic Argiudoll  30 151 6.6 36 
Wright Okoboji Vertic Endoaquoll  13 172 7.7 80 
Adams Sharpsburg Typic Argiudoll  28 238 6.3 44 
Union 3 Sharpsburg Typic Argiudoll  11 154 6.5 33 
Taylor Nira Oxyaquic Hapludoll   27 186 5.9 37 
† Mean values of nine initial soil samples taken from the subplot area. 
‡ M3P, Average Mehlich–3 P test. 
§ M3K, Average Mehlich–3 K test. 
¶ OM, soil organic matter. 
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Table 4. Corn grain yield and leaf chlorophyll meter readings with fertilizer N and the low and high rates of poultry manure applied. 
 Grain Yield  Leaf Chlorophyll Meter Reading 
 Fertilizer (kg N ha–1)  Manure  Fertilizer (kg N ha–1)  Manure 
Site 0 56 112 168 p > F†   Low High p > F   0 56 112 168 p > F   Low High p > F 
 - - - - - - - Mg ha–1 - - - - - - -    - Mg ha–1 -             
2004 
Hamilton 14.8 15.7 15.5 15.4 0.551  13.5 14.4 0.150  60 59 59 60 0.820  59 60 0.810 
Clay 1 9.2 12.3 14.1 15.6 < 0.001  10.8 12.9 0.014  40 53 53 55 < 0.001  48 52 0.006 
Bremer 12.0 13.9 14.4 14.8 0.012  12.7 14.6 0.059  51 56 57 57 0.004  53 56 0.360 
Union 1 3.0 4.7 6.7 7.7 < 0.001  4.9 4.8 0.071  33 44 52 55 < 0.001  39 39 0.173 
Union 2 7.6 8.7 10.0 8.4 0.045  8.7 9.5 0.320  57 55 57 58 0.161  47 52 0.427 
Clay 2 7.7 11.0 12.1 12.8 < 0.001  10.7 12.6 0.006  48 61 64 64 < 0.001  55 61 0.027 
2005 
Greene 8.5 10.7 12.6 12.9 0.028  11.4 12.8 0.010  54 56 58 56 0.028  58 58 0.436 
Dallas 1 9.1 10.4 10.3 10.9 0.035  10.3 13.0 0.036  52 54 53 52 0.391  49 59 0.120 
Clay 3 9.7 13.9 14.3 14.7 0.027  11.3 14.3 0.001  55 55 58 60 0.140  50 55 0.106 
Cherokee 1 10.7 13.8 14.9 15.1 < 0.001  12.2 13.9 0.450  41 52 56 54 < 0.001  49 50 0.028 
Buena Vista  9.9 11.0 12.9 13.6 < 0.001  11.2 12.1 0.028  47 48 60 59 < 0.001  53 53 0.265 
Cherokee 2 8.1 11.0 13.1 13.7 < 0.001  10.7 11.8 0.035  45 52 54 56 < 0.001  49 51 0.045 
2006 
Dallas 2 11.3 11.9 11.8 11.8 0.280  12.0 12.4 0.750  55 55 58 57 0.372  57 59 0.198 
Washington  9.8 12.3 13.1 14.1 < 0.001  13.0 13.6 0.026  45 52 53 55 < 0.001  54 56 0.010 
Wright 8.5 12.6 13.1 14.1 < 0.001  13.1 14.3 0.006  46 57 61 63 < 0.001  59 62 0.003 
Adams  6.8 9.6 11.7 12.5 < 0.001  8.3 10.8 0.030  39 52 56 58 < 0.001  46 54 0.052 
Union 3 7.1 11.1 10.9 12.6 < 0.001  11.2 13.4 0.011  37 45 46 50 0.003  44 42 0.410 
Taylor  6.9 10.5 11.4 11.8 < 0.001  10.4 10.2 0.150  43 52 54 55 0.001  52 48 0.021 
†
 Statistical significance of response to fertilizer and manure rate.  Manure differences among low and high rates only. 
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Table 5. Exponential equation parameters that describe the response to fertilizer N with no manure 
applied for grain yield and chlorophyll meter readings. 
  Grain Yield†  Corn Leaf Chlorophyll Meter Readings† 
Site A B C r2 AIC‡   A B C r2 AIC 
 - Mg ha–1 -         
2004 
Clay 1 18.1 8.9 0.007 0.75 39  60.7 15.5 0.018 0.97 41 
Bremer 14.9 2.8 0.017 0.86 47  56.8 5.8 0.029 0.86 66 
Union 1 13.0 10.0 0.004 0.94 43  62.1 29.6 0.009 0.96 74 
Union 2 11.2 3.7 0.008 0.81 54  -§ - - - - 
Clay 2 13.0 5.4 0.017 0.97 37  66.1 19.1 0.013 0.93 77 
2005 
Greene 14.3 5.9 0.009 0.93 41  57.0 3.0 0.029 0.36 61 
Dallas 1 10.7 1.6 0.022 0.77 61  - - - - - 
Clay 3 14.7 4.9 0.032 0.98 39  - - - - - 
Cherokee 1 15.3 4.5 0.021 0.87 57  55.3 14.3 0.032 0.94 55 
Buena Vista 19.9 10.1 0.003 0.94 38  60.9 13.7 0.014 0.88 82 
Cherokee 2 15.1 7.0 0.010 0.94 47  56.6 11.1 0.015 0.93 64 
2006 
Washington 14.5 4.7 0.012 0.94 40  55.5 10.9 0.017 0.89 58 
Wright 14.0 5.5 0.022 0.97 40  63.2 17.4 0.018 0.97 62 
Adams 14.2 7.4 0.009 0.95 48  59.2 20.4 0.018 0.98 63 
Union 3 12.2 5.0 0.022 0.82 70  52.9 15.3 0.009 0.83 88 
Taylor 11.9 5.0 0.022 0.92 50   54.8 11.9 0.023 0.91 74 
†
 Exponential equation: y = A – B exp –Cx. 
‡
 AIC, Akaike’s information criterion, smaller value indicates better model fit. 
§
 With chlorophyll meter readings, sites were non–responsive to N. 
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Table 6. Estimates of first year manure–N fertilizer equivalence and manure–N availability determined 
from grain yield and chlorophyll meter reading response. 
Grain Yield   Chlorophyll Meter Reading 
Fertilizer Equivalent†    N Availability‡   Fertilizer Equivalent    N Availability  
  
Manure 
type Mean SE§   Mean SE   Mean SE   Mean SE 
   - - - kg ha–1 - - -     - - - % - - - -      - - - kg ha–1 - - - -     - - - % - - - - 
Broiler 53 10.0  35 6.3  31 10.2  24 4.8 
Layer 91 10.1  38 6.3  73 12.3  37 5.8 
Turkey 85 8.6  56 5.4  74 7.7  44 3.6 
Mean       43           35   
†
 Solved using equation [1] for x using values obtained from manure response, determined for each site 
and then mean calculated. 
‡
 (Fertilizer equivalent)/(Applied manure total–N)×100, determined for each site and then the mean 
calculated. 
§
 SE, standard error of the mean. 
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Fig. 1. Soil NO3¯–N concentration in the 0- to 30-cm depth in early June.  Projected change 
in soil NO3¯–N due to fertilizer application represented by ( ), soil NO3¯–N 
represented with manure total–N (  ), and NH4+–N fraction of the manure-N (  ).  
Each data point represents the mean value across all sites and the error bars represent 
the standard error of the mean. 
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Fig. 2. Average lower corn stalk NO3¯–N concentration after plant maturity.  Covariant 
analysis allowed the response to each manure rate to be expressed in a comparable 
scale of fertilizer N.  The control, with no–manure and no–fertilizer applied, 
generated corn stalk NO3¯–N concentrations below the detection limit and therefore 
were not included for the analysis. 
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CHAPTER 5. ON–FARM EVALUATION OF CORN RESPONSE TO POULTRY 
MANURE NITROGEN APPLICATION 
 
A paper to be submitted to Agronomy Journal 
 
D.A. Ruiz Diaz, J.E. Sawyer, and D.W. Barker 
 
ABSTRACT 
Poultry production in Iowa continues to increase, and in conjunction with record high 
fertilizer prices, producers are increasing interest in most efficient use of poultry manure as N 
source for corn (Zea Mays L.) production.  The objectives of this study were to assess corn 
response to poultry manure N application and determine the need for supplemental N 
fertilization.  The study used an on–farm field strip trial arrangement in combination with 
small plot research methods.  The study was conducted at 18 field sites during three years, 
using manure applied with production equipment in replicated field strip trials and with N 
fertilizer applied in subplots.  Manure N was applied at three rates, a no manure control, a 
low rate targeting 84 kg N ha–1 and a high rate of 168 kg N ha–1 based on total–N analysis of 
the manure.  In selected subplot areas, four rates of fertilizer N (0, 56, 112, and 168 kg N 
ha-1) were superimposed on the manure rates.  Corn did respond positively to the poultry 
manure application, with yield increase being mainly attributed to N in the manure.  Leaf 
chlorophyll meter (CM) reading response to poultry manure and fertilizer N rate was similar 
to grain yield response.  Both measures indicated that approximately half of the manure 
total–N was supplied as crop available.  From soil NO3¯–N measured in early June, it appears 
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that the inorganic N comes from mainly the NH4+–N.  The rates of poultry manure applied in 
this study did not supply the full corn N requirement and additional fertilizer N was required 
to avoid yield loss, despite very high rates of manure total–N at several sites.  This low 
inorganic N supply was confirmed by minimal effect on post–harvest soil profile NO3¯–N 
with low or high manure applications.  These results over all sites indicate that a significant 
portion of total–N in poultry manure should not be considered available to corn during the 
year of application.  Results of this study documented that a balanced use of poultry manure 
and fertilizer N is needed to attain optimum corn yield and to minimize potential for buildup 
of residual NO3¯–N. 
 
Abbreviations: CM, chlorophyll meter; C/N, carbon to N ratio; ONR, optimum N rate. 
 
INTRODUCTION 
Management systems that rely on organic inputs for plant nutrient needs have 
different dynamics for N crop availability compared to that with N fertilizers.  Manure from 
poultry, such as chicken (Gallus gallus domesticus) and turkey (Melleagris gollopavo), are 
valuable sources of nutrients for crop production.  Land application of manures can produce 
beneficial changes in soil physical (Haynes and Naidu, 1998), chemical (Whalen and Chang, 
2002), and biological (Parham et al., 2002) properties.  However, poultry manure contains a 
larger content of N and P, on a weight basis, compared to other kinds of manure (Wilkinson, 
1979; Moore et al., 1995), therefore, use as a nutrient resource is more important than use for 
improving soil chemical or physical properties.  Application of poultry manure based on crop 
N fertilization requirements may result in over application of P generating significant 
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increase in soil P levels (Sims and Wolf, 1994).  This can increase the potential risk of P 
transport to surface waters (Harmel et al., 2004).  With P–based applications, however, crops 
often suffer a shortage of N unless additional N fertilizer is applied.  The environmental risk 
associated with excessive and mismanaged land–applied poultry manure has drawn 
regulatory attention forcing changes in manure management plans and constraints in manure 
application rates. 
Application of manure and fertilizer N at rates that exceed crop needs can produce 
significant accumulation of residual NO3¯–N in the soil profile resulting in potential for 
increased movement to water systems (Schuman et al., 1975; Kanwar et al., 2005).  Low crop 
recovery of applied N can be considered one of the main reasons for nonpoint sources of  
NO3¯–N in water systems and also reduces economic return to farmers (Karlen et al., 1998a; 
Karlen et al., 1998b).  Therefore, field studies are required to evaluate the effect of poultry 
manure and supplemental fertilizer as N sources for crop production, providing needed 
information to improve the economically and environmentally viable use of poultry manure 
as a crop nutrient resource. 
Supply of plant available N from poultry manure can be similar or lower than 
fertilizer, and can be highly variable depending upon manure source, storage, handling, and 
climatic conditions after land application (Ajwa and Tabatabai, 1994; Nahm, 2005; Loria et 
al., 2007).  In general, plant available N supply from manure is lower than fertilizers due to 
the slow release of organic–N, in addition to potential loses by N volatilization (Preusch et 
al., 2002; Nicholson et al., 2003).  Lower or inconsistent crop N availability from manure can 
be compensated by increasing manure application rate, however, this may result in nutrient 
loading of the soil.  Therefore, a combined application of manure and preplant or sidedress 
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fertilizer N based on soil or plant testing can be implemented by farmers seeking to increase 
consistency in crop available N and reducing risk of environmental pollution (Hansen et al., 
2004). 
Potentially plant available N in poultry manure is mostly derived from the NH4+–N 
and hydrolysable uric acid fraction present in poultry manure (Nahm, 2005).  Results of an 
isotopic–N study by Bergstrom and Kirchmann (1999) suggested that plant uptake and N 
leaching from these fractions of poultry manure N behaves similar to that of fertilizer N.  
Rees and Castle (2002) evaluated the effect of manures from pig (Sus scrofa domesticus), 
sheep (Ovis aries), cattle (Bos taurus), and poultry in combinations with fertilizer N on N 
uptake by barley (Hordeoum vulgare).  They found that barley treated with poultry manure 
exhibited a lower proportion of total–N uptake derived from fertilizer when compared to 
other types of manures.  This was attributed to greater crop available N supply from the 
poultry manure and therefore substituting for more of the total crop N requirement being met 
from fertilizer.  Previous studies have shown similar results, with greater recoveries of N 
from poultry manure compared to other manure sources (Stockdale and Rees, 1995).  These 
results have been attributed to the relatively large proportion of total–N present in poultry 
manure as readily hydrolysable uric acid, which rapidly forms NH4+–N given favorable 
condition for microbial activity (Gordillo and Cabrera, 1997). 
Soil testing (Hansen et al., 2004) and corn plant N stress sensing (Hawkins et al., 
2007) are methods to improve field–based knowledge of N supply in specific growing 
seasons and for providing estimates of additional N need.  Current manure management 
guidelines in Iowa suggest the use of soil NO3¯–N measured in early June for estimation of 
additional in–season N fertilizer requirements (Killorn and Lorimor, 2003).  However, 
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research is limited on use of these testing methods with poultry manure as a N source for 
corn production.  The present study is a component of a broader investigation of the 
agronomic and environmental impacts of poultry manure use for corn production in Iowa.  
The objectives of this study were to assess corn response to poultry manure N application 
and determine the need for supplemental N fertilization, using a combination of on–farm 
field strip trials and small plot research methods. 
 
MATERIALS AND METHODS 
Corn response to N from poultry manure application was evaluated at 18 producer 
field sites during three years (2004 to 2006) using on–farm strip trials.  Manure source and 
characteristics used at each site are given in Table 1, and soil characteristics of each site are 
given in Table 2.  The experimental design was a randomized complete block with three 
replications.  Management practices for each site were those normally used by the producer 
and adapted to the local production conditions.  No fertilizer N, P, or K was applied to the 
field strips.  All sites were in a soybean [Glycine max (L.) Merr.] – corn rotation, and manure 
was applied in the fall or spring prior to corn planting (Table 1).  The width of each strip 
varied across sites from 9 to 18m and depended on available manure application equipment, 
planter width, and harvest width.  The strips had a length of 152 to 562 m, and were 
determined by the length of the field. 
The treatments consisted of a non–manured control and two poultry manure 
application rates intended to supply approximately 84 and 168 kg total–N ha–1.  Calibration 
of application equipment was completed before each manure application outside the trial 
areas, with adjustment in speed and/or applicator flow to apply the desired rate.  Portable 
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scales were used to determine the amount of manure applied to a known area by weighing the 
application equipment and manure load.  Manure was applied with the broadcast spreaders 
used by each producer or local custom applicator.  The discharge systems on the applicators 
were a double spinner, flail–type rear discharge, or side–type discharge.  Despite calibration 
of the application equipment at each site, deviation from target application rates occurred due 
to variation in expected manure moisture and nutrient analysis at sites, and from one load to 
the next.  Variation in actual rate from the calibrated rate was also caused by the equipment 
rate fluctuation during strip application. 
The combined effect of poultry manure and fertilizer N on corn response was 
evaluated with the addition of N fertilizer rates to small subplots in one portion of the field.  
The N fertilizer subplots, 12 m long by 4 to 6 rows wide, were superimposed on each manure 
treatment strip.  Nitrogen fertilizer was applied as ammonium nitrate at rates of 0, 56, 112, 
and 168 kg N ha–1 broadcast applied by hand within two weeks after corn planting.  Manure 
application time, time to incorporation, and application rate varied for each site (Tables 2 and 
3).  Phosphorus as triple superphosphate and K as potassium chloride were broadcast applied 
by hand and incorporated before planting at 37 kg P ha–1 and 65 kg K ha–1, only on the 
subplots.  Grain yield for each strip was measured by the cooperating producer with 
combines equipped with yield monitors or with weigh–wagons depending on the availability 
of equipment.  Corn was hand harvested in the subplots from the middle two rows (7.6-m 
length) after physiological maturity.  Yields were adjusted to 155 g kg–1 moisture. 
Sampling and Analysis 
Manure was sampled at the time of application.  Six samples from different loads 
were collected and kept frozen at – 4°C until analysis.  Samples were analyzed for total–N by 
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combustion using the Elementar Vario Max CN (Watson et al., 1998), NH4+–N, and NO3¯–N 
by KCl extraction and determined on Lachat colorimetric autoanalyzer (Peters et al., 1998), 
and pH in a 1:2 ratio of solids:water.  Manure was dried at 105°C for 16 h to determine 
moisture content.  Total P and K were analyzed by the modified EPA method 3051 (U.S. 
Environmental Protection Agency, 1999).  This procedure uses nitric acid and hydrogen 
peroxide, without hydrochloric acid.  Soil digestates were analyzed for total recoverable P 
and K by inductively coupled plasma mass spectrometry. 
Soil was sampled at the 0- to 15-cm depth from the subplot areas and field strips 
before manure application.  Field strips were segmented into sampling zones based on soil 
type and topographic characteristics.  Therefore, samples in the field strips were collected for 
each zone within each strip.  The number of zones varied from one to five depending on field 
variability and field size.  Ten to twelve soil cores were collected for each sample.  Soil pH 
was measured in a 1:1 water suspension, and organic matter was determined by dry 
combustion using a Leco CHN–2000 analyzer (Leco Corp., St. Joseph, MI) (Nelson and 
Sommers, 1982).  Samples were analyzed for extractable P and K using Mehlich–3 
extraction (Warncke and Brown, 1998).  Subplots and field strip zones were sampled at the 
0- to 30-cm soil depth when corn was 15- to 30-cm tall in early June for NO3¯–N analysis 
(Blackmer et al., 1989; Blackmer et al., 1997).  In the subplots, only treatments that received 
fertilizer at rates of 0 and 112 kg N ha–1 were sampled for soil NO3¯–N analysis.  Soil 
samples were air–dried, ground to pass a 2-mm sieve, and extracted with 2 M KCl solution, 
and analyzed for NO3¯–N using a Lachat® flow injection analyzer (Lachat® Instruments, 
Milwaukee, WI) (Gelderman and Beegle, 1998). 
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A Minolta® SPAD 502 chlorophyll meter (Konica Minolta, Ramsey, NJ) was used to 
measure the corn leaf N status.  Readings were taken on the ear leaf from 20 randomly 
selected plants at the VT corn growth stage (Ritchie et al., 1993) in each field strip zone and 
in all subplots using the procedure described by Shapiro et al. (2006).  Relative CM values 
and relative yield were calculated for each site–year by dividing the average value of each 
treatment combination by the corresponding average value of the highest fertilizer and 
manure rate combination.  Corn stalk samples were collected from all subplots at the time of 
harvest from the same row area that was hand harvested.  Corn stalks were also collected 
from the field strips zones.  Stalk segments of 15- to 20-cm were taken at 15- to 35-cm above 
the ground from 10 plants for each sample.  The stalk samples were dried and ground to pass 
a 1-mm screen.  Samples were extracted for NO3¯–N by the method of Binford et al. (1992).  
Automated colorimetric flow injection (Lachat® Instruments, Milwaukee, WI) was used to 
determine NO3¯–N in the extract. 
Post harvest residual NO3¯–N concentrations were measured in the top 1.2 m soil.  
Samples were collected within two weeks after corn harvest using a 5 cm diameter core and 
subdivided into 0.3 m increments, with two cores colleted from the center of the subplots.  
Only treatments that received fertilizer at rates of 0 and 112 kg N ha–1 were sampled for 
residual soil profile NO3¯–N.  Three sites were sampled each year (9 site–years):  Hamilton, 
Clay–1, Bremer, Dallas–1, Clay–3, Cherokee–2, Dallas–2, Adams, and Taylor.  Samples 
were air–dried, ground to pass a 2-mm sieve, and extracted with 2 M KCl solution.  Extracts 
were analyzed for NO3¯–N concentration using a Lachat® flow injection analyzer (Lachat® 
Instruments, Milwaukee, WI) (Gelderman and Beegle, 1998).  The NO3¯–N concentrations 
(mg kg–1) were converted to NO3¯–N mass (kg N ha–1) for the specific soil depth. 
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Statistical Design and Analysis 
Analysis of variance (ANOVA) was completed using the PROC MIXED procedure 
in SAS (SAS Institute, 2003) and using site–years and blocks as random in the model. The 
experimental design consisted of a split plot in a randomized complete block, with two 
factors (fertilizer and manure) for the subplots.  Data from the field strips were analyzed 
based on a randomized complete block design.  The profile NO3¯–N data showed high 
correlation between adjacent depths, therefore, the statistical analysis was completed using a 
mixed model method with special parametric structure on the covariance matrix.  This was 
done using the MIXED procedure in SAS, and applying the REPEATED statement to the 
soil depth.  The covariance model used was the first order autoregressive [AR(1)] (Littell et 
al., 2006). 
 
RESULTS AND DISCUSSION 
Field Strips 
Corn Grain Yield 
 Corn grain yield was significantly increased by poultry manure application in the 
field strips across all sites and for individual sites except Hamilton, Union–2, and Dallas–2 
which were statistically non–responsive (Table 4).  Due to the multi–component nature of 
manure and the fact that no P, K, or other material was applied to the control strips, the 
measured yield response could be due to several components of the poultry manure.  Soil test 
P above 25 mg kg–1 (Mehlich–3 P method) and soil test K above 130 mg kg–1 (Mehlich–3 K 
method) is considered adequate to high for corn production and with marginal probability of 
yield increase to nutrient application at test levels above these values (Sawyer et al., 2002). 
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Soil test P and K in the field strips were above these values for nearly all sites (Table 2), 
therefore observed yield increase from manure application in the strips can be attributed 
mostly to the N applied with the poultry manure.  Overall, corn yield increase above the 
control was substantial with poultry manure application, with an average of 1.6 Mg ha–1 
increase with the low rate and 2.5 Mg ha–1 increase with the high rate.  Variation in yield 
response between sites could be due to different N responsiveness of sites (soil N supply) and 
different specific rates and availability of poultry manure N. 
The yield increase with the high manure rate compared to the low rate was less than 
the increase with the low rate compared to the control, indicating reduced response as 
manure N application increased.  The manure total–N applications with both the low and 
high rates were often substantial, suggesting that the amount of N supplied to the corn was 
much less than what was applied.  The results from the N fertilized subplots (with combined 
manure and fertilizer N) also indicates that applied manure rates often did not supply 
adequate levels of crop available N (data presented later), and therefore it is uncertain 
whether the yields obtained in the field strips reached maximum levels with the rates applied.  
Nonetheless, corn yield responded positively to the poultry manure applications, indicating 
an important supply of crop available N. 
Chlorophyll Meter Readings  
Statistically significant increase in leaf CM readings across the manure field strips 
due to poultry manure application was measured at 13 of the sites (Table 5).  Leaf CM 
readings did not increase at five sites, including the three non N responsive sites (Hamilton, 
Union-2, and Dallas–2 sites with no yield increase from manure application) (Table 4).  
Reduced leaf greenness is an indication of corn N stress (Dwyer et al., 1995), and an increase 
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in CM readings across manure rates indicates corn response to manure N and N stress in the 
control and low manure rate.  Chlorophyll meter readings by themselves do not give an 
indication of plant N adequacy, however, observed changes do reflect corn response to N 
supplied in the poultry manure applications.  The increase in CM readings between the 
control and the low manure rate, and between the low rate and the high rate, follow the same 
trend as the grain yield response.  These responses in CM readings substantiate that increases 
in strip yields could be considered primarily due to N supply from the poultry manure 
applications. 
Soil NO3¯–N 
Soil NO3¯–N concentrations (0- to 30-cm depth samples collected in early June) 
within the field strips were increased by the application of poultry manure at 14 sites (Table 
6).  Two of the three non N responsive sites (Hamilton and Dallas–2) had high concentrations 
in the control strips, indicating adequate soil inorganic N without manure application 
(Blackmer et al., 1997) and indicating no expected yield response to manure N application.  
Two other sites with no increase in soil NO3¯–N concentration with manure application 
(Bremer and Union–3) also had no statistically significant increase in CM readings (Tables 5 
and 6).  Grain yield, however, did increase with manure application at those sites.  This may 
indicate a yield response to something other than manure N or site variability in N plant and 
soil testing.  Soil NO3¯–N concentrations increased with the high manure rate compared to 
the low rate, although the concentrations with the high rate were often below the critical level 
of 16- to 25- mg kg–1 for manured soils (Blackmer et al., 1997).  This is another indication 
that the full manure rate did not always supply an adequate level of crop available N.  Also, 
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sites with no or small increases in soil NO3¯–N concentration from the low to high manure 
rate also had small change in leaf CM readings. 
End of Season Corn Stalk NO3¯–N  
A threshold concentration of 2000 mg NO3¯–N kg–1 in the lower corn stalk at plant 
maturity is considered an indication of excess supply of crop available N in the soil system, 
with concentrations below that level indicating adequate to deficit N (Binford et al., 1992).  
Stalk NO3¯–N concentrations above 2000 mg kg–1 are categorized as excessive, which is 
typically the result of luxury plant uptake of N and indicates a high probability of soil N 
availability above corn requirements (Blackmer and Mallarino, 1996).  Corn stalk NO3¯–N 
concentrations were below 2000 mg kg–1 for all manure application rates at all sites except 
for two of the non–responsive sites (Hamilton and Dallas–2) (Table 7).  At two sites stalk 
NO3¯–N concentrations with manure application were not significantly different compared to 
the control (Cherokee–1 and Union–3).  All values at the Cherokee–1 site were low, as were 
the CM readings and soil NO3¯–N concentrations.  These test values do correspond to the low 
total–N applied with both manure rates at that site, similar to the Cherokee–2 site, and the 
additional yield increase with the high manure rate at both sites.  The results of grain yield, 
and the plant and soil N status tests, confirm that the poultry manure application rates in the 
field strips did supply crop available N, but generally did not supply the full corn N 
requirement. 
Nitrogen Fertilizer and Manure Subplots 
Corn Grain Yield 
Despite being different poultry species, corn grain yield increases were the same for 
each of the poultry manure sources used in the project (broiler, layer, and turkey) (data not 
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shown).  This outcome was not anticipated, but can be explained by the relative similarity in 
the manure characteristics, especially for C/N ratio, NH4+–N, and total–N (Table 1). 
Grain yield was substantially increased by application of poultry manure when no 
fertilizer N was applied as evidenced by the yield increase at the zero fertilizer N rate (Fig. 
1).  The yield was also greater with the high manure rate compared to the low rate.  These 
yield increases demonstrate the positive corn response to poultry manure N.  Corn grain yield 
increased with the application of fertilizer N in combination with the manure applications, 
indicating the poultry manure N supply did not meet full corn N requirements for either 
manure rate (Fig. 1 and Table 8).  The optimum N rate (ONR, as determined at the 0.95 
relative yield level) was reduced substantially (79 kg N ha–1 and 108 kg N ha–1 less, 
respectively, for the low and high manure rates) with application of manure (Table 8).  
Measured increases in grain yield clearly demonstrate that corn responded to poultry manure 
N, however, the average rates of poultry manure applied in this study did not supply the full 
corn N requirement and additional fertilizer N was required to avoid corn grain yield losses 
(Fig. 1).  Based on the three years of results in this study, producers will commonly need to 
supplement poultry manure applications with additional fertilizer N.  Also, specific 
supplemental fertilizer N rates will likely be best determined using soil or plant testing. 
Chlorophyll Meter Readings  
The measured relative leaf CM values followed the same general trend as corn grain 
yield response to manure and fertilizer N application (Fig. 2).  A relative CM value of 95% 
was used to indicate optimal corn N fertilization with plant N stress sensing.  This relative 
CM value was reached with the low manure rate plus addition of 50 kg fertilizer N ha–1, and 
the high manure rate plus addition of 23 kg fertilizer N ha–1 (Table 8).  This is approximately 
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the same result as found with relative grain yield (Table 8).  These results indicate that the 
CM is reflecting the availability of N from poultry manure and provides useful information 
on need for supplement N application. 
Soil NO3¯–N 
The average soil NO3¯–N concentration (0- to 30-cm depth samples collected in early 
June) across all sites shows a large increase of 18 mg kg–1 with the 112 kg fertilizer N ha–1 
application (Table 9), but a much smaller increase of only 5 to 8 mg kg–1 associated with the 
poultry manure applications.  This difference in soil NO3¯–N concentration increase indicates 
a much lower inorganic N supply early in the growing season from the poultry manure 
compared to fertilizer and only a partial release of poultry manure total–N as inorganic 
NO3¯–N by that sampling time.  Since the fertilizer replacement value of poultry manure N is 
considered to be closely related to the amount of NH4+–N and uric acid–N present in the 
manure (Nicholson et al., 2003; Nahm, 2005), it is likely that the increase in soil nitrate 
measured in the early June sampling from manure application is derived from these forms of 
N and not from other organic forms present in the manure.  The smaller difference observed 
for soil NO3¯–N concentration increases with poultry manure compared to fertilizer at 
equivalent total–N rates implies that expectation of soil nitrate levels should not be the same 
with poultry manure as for other manure sources or fertilizer N application, and may indicate 
that interpretation of additional N rate need based on soil nitrate testing might not be the 
same with poultry manure as with other manure sources or fertilizer. 
Significant grain yield increase to the addition of 112 kg fertilizer–N ha–1 occurred 
primarily when soil NO3¯–N concentrations were below 24 to 25 mg kg–1 (Fig. 3).  This 
suggests a critical value of approximately 25 mg kg–1 NO3–N with poultry manured soils.  
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However, despite soil NO3¯–N being below the currently suggested critical range of 16 to 25 
mg kg–1 for manured soils (Blackmer et al., 1997), the variation in yield increase at and 
below those values were large (from none to greater than 5 Mg ha–1), which suggests that soil 
NO3¯–N in early June in poultry manured soils will not be completely effective in 
determining need or rate of additional N.  High soil NO3¯–N concentrations, above 
approximately 30 mg kg–1, with no to only small yield increase from fertilizer application, 
were observed with some of the manure applications (Fig. 3).  This indicates that the test can 
be used to confirm when there may be excess supply of N in poultry manured soils, and little 
to no expectation of additional N need. 
End of Season Corn Stalk NO3¯–N 
With poultry manure application at the low and high rate averaged across all sites (no 
fertilizer N applied), stalk NO3¯–N concentrations did not exceed 2000 mg kg–1 (Table 10).  
Average concentrations were below 2000 mg kg–1 for the fertilizer–N rates, except the 168 
kg ha–1 rate (without manure applied).  An excess concentration of NO3¯–N was measured 
only when high rates of fertilizer N were applied in combination with the poultry manure.  
Stalk NO3¯–N concentrations exceeded 2000 mg kg–1 with the application of approximately 
112 kg N ha–1 or more fertilizer N in addition to the low poultry manure rate, and with the 
application of approximately 56 kg N ha–1 or more fertilizer N in addition to the high manure 
rate.  Fertilizer N at the optimum N rate (Table 8) for each manure rate would result in stalk 
NO3¯–N concentrations below 2000 mg kg–1. 
As found with the grain yield response to fertilizer N, the stalk NO3¯–N 
concentrations confirmed that the rates of the poultry manure applied in this study did not 
supply the full corn N requirement, including many instances with the high rate, and there 
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was need for supplemental fertilizer N application.  These results also confirm that not all of 
the poultry manure N is released as inorganic N within the growing season of application. 
Post Harvest Soil Profile NO3¯–N 
Poultry manure application had little effect on residual profile NO3¯–N at the 
responsive sites, but did increase NO3¯–N at the non–responsive sites.  This was similar for 
the 112 kg N ha–1 fertilizer N application (Table 11).  At the responsive sites, the highest 
levels were in the top foot of soil and decreased with depth.  At the non–responsive sites, the 
levels were higher with depth, especially when manure or fertilizer was applied.  Greater 
accumulation of residual N would be expected at the non–responsive sites as no N addition 
was necessary to achieve full corn production, and N application would result in residual 
NO3¯–N accumulation.  The 112 kg N ha–1 fertilizer application, in conjunction with the high 
manure rate, resulted in the overall highest profile NO3¯–N.  Considering the total amount of 
manure N applied at each rate, especially with the high rates, there was little to no 
accumulation of inorganic NO3¯–N in the soil profile at responsive sites (Table 11). 
The accumulation of NO3¯–N measured in the soil profile of plots with only manure 
applied can be considered low and values are similar to those obtained by other research 
when no fertilizer N was applied (Guillard et al., 1995), and lower than those found by 
Bakhsh et al. (2000) in Iowa with study of various N management practices on residual 
NO3¯–N.  Residual NO3¯–N accumulation comparable to unfertilized plots is indicative of 
optimal to deficient N applications.  The profile levels measured with poultry manure 
application suggests that total–N applied in poultry manure is only partially crop available 
and likely N that becomes plant available occurs before or during the early period of plant 
uptake.  The small amount of accumulated residual NO3¯–N at the end of the season does 
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imply low leaching potential with poultry manure compared to fertilizer N, which also agrees 
with other research using poultry manure (Bakhsh et al., 2007). 
 
CONCLUSIONS 
Corn responded positively to poultry manure application, with similar response to the 
layer, broiler, and turkey manure.  Similarity in response to the different manure sources was 
not expected, but manure analyses confirmed that many characteristics were similar, such as 
total–N, NH4+–N, and C/N ratio.  These similarities suggest that supply of crop available N 
would be similar for the manure sources.  Grain yield increases in field strip applications 
were considered to be mainly due to N in the poultry manures, and with low probability of 
response to manure P or K due to optimal to high soil tests at most sites.  This was confirmed 
by response to N in the N fertilizer rate subplots where blanket P and K was applied to mask 
effects of those nutrients applied with the manure.  With the poultry manure rates applied at 
responsive sites (15 of 18 sites), maximum yield was produced only with application of 
additional fertilizer N.  This indicates much less than manure total–N being supplied as crop 
available in the year of application.  Therefore, poultry manure rates commonly applied by 
producers in Iowa (approximately 4.5 to 9 Mg ha–1, moist weigh) will typically require 
application of supplemental N to achieve desired productivity. 
Corn response to poultry manure N and N supply to corn was also confirmed through 
use of early June soil NO3¯–N, plant N stress with a CM, and end of season lower stalk 
NO3¯–N.  These tests confirmed corn response to poultry manure N, low manure–N crop 
availability, and need for supplemental N fertilization.  The leaf CM reading responses were 
quite similar to grain yield and provided a similar estimate of manure N supply.  The soil 
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NO3¯–N critical level occurred at approximately 25 mg kg¯1, but variation in yield response 
to fertilizer N at values less than 25 mg kg¯1 indicated the test would not be useful to estimate 
N rate need.  However, soil NO3¯–N concentrations above the critical level showed no yield 
increase to fertilizer N application and hence can be an early season guide in poultry 
manured soils were no response to additional N would be expected.  It also appears that the 
soil inorganic N measured in early June comes from mainly NH4+–N and hydrolysable uric 
acid contained in the manure.  Lower stalk NO3¯–N concentration responses to manure and 
fertilizer N application were similar to those for soil NO3¯–N, with best interpretation when 
excess N was in the soil system at the end of the season.  As a result of the low crop–
available N supply from the poultry manure, post–harvest soil NO3¯–N was not increased 
with the poultry manure sources and rates applied.  Results of this study indicate that a 
balanced utilization of poultry manure and fertilizer N is needed to attain optimum corn yield 
and to minimize potential for buildup of residual NO3¯–N and other nutrients such as P, 
therefore reducing environmental risk with poultry manure application. 
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Table 1. Poultry manure application and properties for each site, with manure samples collected at field application, 2004–2006. 
Manure Application     Nutrient Analysis† 
Site Date Type‡ DTI§ C/N Ratio pH Moisture NH4+–N Total–N P K 
      - - - - - - - - - - - - - - - - - - g kg–1 - - - - - - - - - - - - - - - 
2004 
Hamilton 2-Dic-03 T 150 5.8 7.9 523 25 54 23 26 
Clay-1 16-Apr-04  L 1 4.6 8.0 515 24 56 19 19 
Bremer 6-Apr-04  T 20 6.1 7.4 478 20 56 25 29 
Union-1 30-Apr-04  B 1 6.1 7.7 493 19 55 30 41 
Union-2 3-May-04  B 1 6.0 7.1 484 19 62 27 41 
Clay-2 16-Apr-04  L 1 5.2 8.1 529 28 47 19 17 
2005 
Greene 9-Mar-05  L NI 6.6 8.2 152 4 45 18 27 
Dallas-1 15-Mar-05  L 25 6.9 8.3 163 4 42 16 25 
Clay-3 28-Apr-05  L 1 4.2 7.6 459 13 78 17 17 
Cherokee-1 14-Oct-04  T 1 7.4 6.6 351 10 51 20 22 
Buena Vista 15-Apr-05  L 1 7.5 6.8 390 9 44 21 23 
Cherokee-2 26-Oct-04  T 180 8.8 8.2 364 9 42 19 20 
2006 
Washington 2-Nov-05 T NI 9.9 8.0 328 7 30 22 16 
Dallas-2 4-Nov-05 T 3 5.5 7.5 275 5 40 25 32 
Wright 22-Nov-05 T 1 6.3 7.4 272 5 54 25 32 
Adams 10-Apr-06  B NI 7.4 8.0 358 7 48 26 42 
Union-3 21-Apr-06  B 1 6.2 7.4 360 6 53 31 45 
Taylor 24-Jan-06  B 120 7.3 6.0 249 5 52 23 31 
  Average by Manure Type 
  Broiler 6.6 7.2 389 11 54 27 40 
  Layer 5.8 7.8 368 14 52 18 21 
  Turkey 7.7 7.5 359 10 46 22 24 
   p > F  0.083 0.085 0.939 0.785 0.590 0.001 0.001 
†
 Manure analysis on dry–weight basis. 
‡
 Manure type:  L, layer; T, turkey; B, broiler. 
§
 DTI, Days to incorporation; NI, manure not incorporated. 
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Table 2. Soil classification and initial soil test information for each site, samples colleted before manure and fertilizer N application at the 
0- to 15-cm depth. 
  Predominant Soil   Subplots†  Field strips‡ 
Site Series Subgroup   M3P§ M3K¶ pH OM#  M3P M3K 
     - - mg kg–1 - -  g kg–1  - - mg kg–1 - - 
2004 
Hamilton Biscay Typic Endoaquoll  12 92 7.5 86  39 138 
Clay-1 Marcus Typic Endoaquoll  26 141 6.2 60  35 142 
Bremer Readlyn Aquic Hapludoll  12 155 7.3 33  45 196 
Union-1 Sharpsburg Typic Argiudoll  9 110 6.8 42  33 156 
Union-2 Sharpsburg Typic Argiudoll  10 220 6.5 47  17 184 
Clay-2 Clarion Typic Hapludoll  17 102 6.4 50  31 141 
2005 
Greene Clarion Typic Hapludoll  24 115 6.4 29  71 172 
Dallas-1 Cylinder Aquic Hapludoll  18 178 6.5 52  46 186 
Clay-3 Marcus Typic Endoaquoll  44 149 6.3 62  34 211 
Cherokee-1 Galva Typic Hapludoll  12 130 7.0 43  29 212 
Buena Vista Primghar Aquic Hapludoll  21 153 6.6 50  24 192 
Cherokee-2 Galva Typic Hapludoll  14 161 6.2 41  29 244 
2006 
Washington Nevin Pachic Argiudoll  30 151 6.6 36  54 198 
Dallas-2 Clarion Typic Hapludoll  11 95 6.5 30  37 155 
Wright Okoboji Vertic Endoaquoll  13 172 7.7 80  41 177 
Adams Sharpsburg Typic Argiudoll  28 238 6.3 44  56 292 
Union-3 Sharpsburg Typic Argiudoll  11 154 6.5 33  51 158 
Taylor Nira Oxyaquic Hapludoll  27 186 5.9 37  45 203 
† Mean of soil samples taken from the subplot areas.   
‡ Mean for samples collected from the strip sampling zones.    
§ M3P, Mehlich-3 P test.   
¶ M3K, Mehlich-3 K test.   
#
 OM, soil organic matter. 
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Table 3. For each site, the manure rate, total-N, and NH4+–N applied. 
  Manure†   Total–N   NH4+–N 
Site Low High   Low High   Low High 
 - - - - - - - - - - - - - - - - - kg ha–1 - - - - - - - - - - - - - - - - - 
2004 
Hamilton 1200 2100  63 114  16 25 
Clay-1 2153 4268  112 222  33 66 
Bremer 1774 3262  108 198  20 38 
Union-1 2098 4086  120 233  20 39 
Union-2 2060 4011  134 261  22 43 
Clay-2 2528 4819  106 203  38 73 
2005 
Greene 556 1260  138 313  11 26 
Dallas-1 462 1097  100 237  9 22 
Clay-3 2135 4533  193 410  33 71 
Cherokee-1 810 1352  76 127  14 24 
Buena Vista 1089 1864  77 131  15 26 
Cherokee-2 665 1579  49 117  11 26 
2006 
Washington 4016 6808  242 410  54 92 
Dallas-2 3807 5929  206 321  20 32 
Wright 1206 2498  163 338  26 53 
Adams 1641 3665  140 313  20 46 
Union-3 1478 3368  140 319  17 39 
Taylor 1192 2380   187 374   19 38 
†
 Dry weight basis. 
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Table 4. Corn grain yield as affected by manure 
rate applied in the field strips. 
 Manure rate 
Site None Low High 
2004 
 - - - - - - - Mg ha–1 - - - - - - - 
Hamilton 11.3a† 11.5a 11.7a 
Clay-1 9.2c 11.0b 12.5a 
Bremer 11.6b 12.3ab 12.7a 
Union-1 4.8b 6.1a 6.6a 
Union-2 8.5b 8.4b 8.9a 
Clay-2 8.1b 10.4a 11.3a 
2005 
Greene 7.3b 10.0a 9.9a 
Dallas-1 7.7b 8.7b 11.2a 
Clay-3 8.2b 11.5a 11.7a 
Cherokee-1 9.0b 11.4a 11.6a 
Buena Vista 10.7b 11.2b 12.0a 
Cherokee-2 10.5c 12.6b 13.6a 
2006 
Washington 8.7b 10.3b 13.0a 
Dallas-2 8.6a 10.0a 10.3a 
Wright 8.7c 11.8b 13.0a 
Adams 4.8b 6.9ab 8.0a 
Union-3 5.6b 7.1a 8.1a 
Taylor 7.6b 9.5ab 10.4a 
    
Average 8.4c 10.0b 10.9a 
†
 Means within each site followed by different 
letters are significantly different at the 0.05 
probability level. 
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Table 5. Leaf chlorophyll meter (CM) reading at 
the VT corn growth stage as affected by 
manure rate applied in the field strips. 
 Manure rate 
Site None Low High 
2004 
Hamilton 62a† 62a 63a 
Clay-1 48b 54b 58a 
Bremer 52a 55a 55a 
Union-1 42b 47b 48a 
Union-2 51a 48a 53a 
Clay-2 53b 53b 61a 
2005 
Greene 58c 64b 64a 
Dallas-1 48b 52b 59a 
Clay-3 40b 49b 52a 
Cherokee-1 40b 47ab 49a 
Buena Vista 49b 50b 54a 
Cherokee-2 51a 52a 56a 
2006 
Washington 43c 51b 57a 
Dallas-2 58a 59a 60a 
Wright 47b 58b 62a 
Adams 40c 47b 51a 
Union-3 50a 51a 52a 
Taylor 46b 52ab 53a 
    
Average 49c 53b 56a 
†
 Means within each site followed by different 
letters are significantly different at the 0.05 
probability level. 
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Table 6. Soil NO3¯–N concentration in samples 
collected in early June as affected by 
manure rate applied in the field strips. 
 Manure rate 
Site None Low High 
 - - - - - - - mg kg–1 - - - - - - - 
2004 
Hamilton 26a† 35a 33a 
Clay-1 10c 19b 25a 
Bremer 15a 18a 19a 
Union-1 11b 14ab 15a 
Union-2 14b 20ab 26a 
Clay-2 10b 12b 24a 
2005 
Greene 10b 28a 26a 
Dallas-1 6c 11b 16a 
Clay-3 8c 18b 27a 
Cherokee-1 9b 11ab 12a 
Buena Vista 12c 15b 19a 
Cherokee-2 6b 8ab 9a 
2006 
Washington 14b 20ab 27a 
Dallas-2 24a 34a 42a 
Wright 8c 13b 19a 
Adams 4b 5ab 8a 
Union-3 16a 34a 38a 
Taylor 9b 16a 17a 
    
Average 12c 18b 22a 
†
 Means within each site followed by different 
letters are significantly different at the 0.05 
probability level. 
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Table 7. End of season corn stalk NO3¯–N 
concentration as affected by manure rate 
applied in the field strips. 
 Manure rate 
Site None Low High 
 - - - - - - - - - mg kg–1 - - - - - - - - - 
2004 
Hamilton 2039b† 3757a 3112a 
Clay-1 2c 0b 83a 
Bremer 105b 424ab 924a 
Union-1 BLD‡ BLD BLD 
Union-2 0b 250ab 631a 
Clay-2 0b 0b 284a 
2005 
Greene 27b 485a 1394a 
Dallas-1 79c 11b 1207a 
Clay-3 23c 51b 1580a 
Cherokee-1 1a 13a 13a 
Buena Vista 17c 41b 231a 
Cherokee-2 17b 56b 206a 
2006 
Washington 19c 13b 590a 
Dallas-2 1348b 2316ab 5298a 
Wright 20c 160b 1498a 
Adams 7b 37a 22a 
Union-3 29a 1430a 1000a 
Taylor 7c 6b 800a 
    
Average 208c 503b 1049a 
†
 Means within each site followed by different letters 
are significantly different at the 0.05 probability 
level.  
‡
 BLD, below limit of detection. 
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Table 8. Exponential regression models for the relationship between relative leaf 
chlorophyll meter (CM) values or relative grain yield and fertilizer N rate 
applied with and without poultry manure application across all sites. 
Manure rate Regression Model† ONR‡ p > F r2 
  kg N ha–1  
Relative CM Value 
None y = 1.00 - 0.20 exp(-0.01x) 80 < 0.001 0.79 
Low y = 1.03 - 0.14 exp(-0.01x) 50 < 0.001 0.76 
High y = 1.01 - 0.06 exp(-0.01x) 23 < 0.001 0.65 
Relative Grain Yield 
None y = 1.00 - 0.34 exp(-0.01x) 137 < 0.001 0.89 
Low y = 1.02 - 0.19 exp(-0.01x) 58 < 0.001 0.83 
High y = 1.00 - 0.09 exp(-0.01x) 29 < 0.001 0.72 
†
 x, fertilizer rate in kg N ha-1. 
‡
 ONR, optimum N rate estimated at the 0.95 relative value. 
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Table 9. Soil NO3¯–N in soil samples collected in early June from the N 
fertilizer subplots, with concentration and increase in 
concentration due to manure and fertilizer N rate, mean across all 
sites. 
Manure rate  
Increase due to 
manure† 
Fertilizer N None Low High  Low High 
kg N ha–1 - - - - - - - - - - - - - - - - mg kg–1 - - - - - - - - - - - - - - - - 
0 13b‡ 18a 21a  5 8 
112 31c 38b 43a  7 12 
     
 Increase due to fertilizer N§    
 18 20 22    
†
 Soil NO3¯–N difference between the control (no manure applied) and 
the manure rates.  
‡
 Means within each fertilizer rate followed by different letters are 
significantly different at the 0.05 probability level.  
§
 Soil NO3¯–N difference between the no fertilizer N and the 112 kg N 
ha–1 rate within each manure rate. 
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 Table 10. End of season corn stalk NO3¯–N 
concentration from the N fertilizer 
subplots as affected by manure and 
fertilizer N rate, mean across all sites. 
 Manure rate 
Fertilizer rate None Low High 
kg N ha–1 - - - - - - mg kg–1 - - - - - - - 
0 142 410 1174 
56 321 1057 2161 
112 1006 2463 4527 
168 2816 4979 5524 
    
Source of variation p > F 
Fertilizer Rate (FR) <0.001 
Manure Rate (MR) <0.001 
FR × MR 0.034 
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Table 11. Post harvest soil profile NO3¯–N from the N fertilizer subplots as affected by 
manure rate and additional fertilizer N at nine sites. 
Soil No fertilizer  Fertilizer N (112 kg N ha–1) 
depth None Low High   None Low High 
cm - - - - - - - - - - - - - - - - - NO3¯–N, kg ha–1 - - - - - - - - - - - - - - - - - 
Responsive sites (7 sites)† 
0–30 11 11 14  14 18 21 
30–60 4 7 7  7 11 14 
60–90 4 4 4  4 7 11 
90–120 4 4 4  4 7 7 
Non-responsive sites (2 sites)† 
0–30 25 25 18  18 25 25 
30–60 18 36 32  29 43 36 
60–90 18 36 39  39 36 50 
90–120 21 25 29   29 29 39 
† Statistical significance:  manure rate p ≤ 0.001, fertilizer rate p ≤ 0.007, depth p ≤ 
0.001. 
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Fig. 1. Relative corn grain yield as influenced by poultry manure and fertilizer N application 
rate from the subplots across all sites.  Regression curves were generated from models 
presented in Table 8. 
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Fig. 2. Relative leaf chlorophyll meter (CM) values at the VT corn growth stage as related to 
poultry manure and fertilizer N application rate from the subplots across all sites.  
Regression curves were generated from models presented in Table 8. 
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Fig. 3. Corn yield response to application of fertilizer N at 112 kg N ha–1 as related to soil 
NO3¯–N concentration in early June and poultry manure rate from the subplots at all 
sites. 
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CHAPTER 6. SURFACE RUNOFF OF NITROGEN FROM POULTRY MANURE 
WITH SIMULATED RAINFALL 
 
A paper to be submitted to Journal of Environmental Quality 
 
D. A. Ruiz Diaz, J. E. Sawyer, and D. W. Barker 
 
ABSTRACT 
Nitrogen loss from production corn (Zea mays L.) fields in the Midwestern USA is 
typically associated with NO3¯–N leaching.  However, N can be lost by runoff during a 
rainfall event in several forms.  Once in surface water, reduced N forms such as NH4+–N and 
organic N can be oxidized resulting in oxygen depletion.  This study was conducted to 
estimate N loss via surface runoff after recent amendment with poultry manure and to assess 
the effect of manure application rate and incorporation on potential losses.  The study was 
conducted on nine production fields across Iowa during three years.  Two poultry manure 
rates were applied in field–length strips based on total–N, in addition to a control with no 
manure.  Runoff of N was evaluated with and without manure incorporation.  A portable 
rainfall simulator was used to provide a single rainfall event on small plots within the manure 
strips.  Runoff concentration and load of total Kjeldahl N (TKN) and NH4+–N was 
significantly decreased by incorporation, approximately 50% for TKN and 90% for NH4+–N.  
Total Kjeldahl N and NH4+–N concentration and load in runoff increased proportionally to 
manure rate.  The average NO3¯–N concentration was below 2.5 mg L–1 for all treatments 
and there was no significant effect from manure application.  The results of this study show 
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that in a single runoff event shortly after poultry manure application the TKN and NH4+–N 
losses increase with manure rate, but can be decreased significantly with tillage. 
 
Abbreviations: TKN, total Kjeldahl N; GLMM, generalized linear mixed model. 
 
INTRODUCTION 
Poultry manure is widely used as source of N for corn production in Iowa.  According 
to the NASS (2007), Iowa has the largest number of chicken (Gallus domesticus) layers in 
the United States, and also has large production of turkey (Melleagris gallopavo) and broiler 
(Gallus domesticus).  The current number of poultry in Iowa, about 69 million birds (NASS, 
2007), can produce an estimated amount of 30000 Mg of manure–N per year (Killorn and 
Lorimor, 2003), which is land applied as a nutrient source for corn production.  Concern 
about water quality and environmental protection has generated interest in water quality 
research.  Nitrogen loss from agricultural fields is mostly associated with NO3¯–N leaching 
(Jacinthe et al., 1999; Dinnes et al., 2002).  Surface runoff after a rainfall event from 
agricultural fields is often considered the main source of P, and less important for N loss.  
The discharge of N to Iowa’s surface waters has a substantial effect on water quality and the 
health of aquatic systems.  Nitrogen fractions can be lost by runoff in the form of particulate 
N, NO3¯–N, NH4+–N, and dissolved organic N.  Reduced N forms, such as NH4+–N and 
organic N, can be oxidized in surface waters resulting in oxygen depletion (Pauer and Auer, 
2000).  
Research on the effect of various manure sources on nutrient losses with surface 
runoff has focused on comparisons between application rates, cropping systems, and tillage 
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systems on pastures and soils with significant slopes (Soileau et al., 1994; Smith et al., 2001; 
Little et al., 2005; Miller et al., 2006).  Furthermore, extensive work has being completed on 
the runoff effect of nutrient loss from applied cattle (Bos taurus) manure and compared to 
inorganic fertilizer, focusing on P losses by surface runoff (McLeod and Hegg, 1984; Eghball 
and Gilley, 1999; Miller et al., 2006).  However, there is little research on N loss by surface 
runoff in the Midwestern USA on agricultural soils with soybean [Glycine max (L.) Merr.] 
residue and using dry poultry manure.  
Nitrogen volatilization of recent surface applied solid poultry manure can be 50 to 
65% of ammoniacal N (Chambers et al., 1999; Sommer and Hutchings, 2001).  Surface 
applied N fertilizer or manure without incorporation can be also vulnerable to losses with 
runoff.  This runoff can be significantly increased when rainfall events occur immediately 
after application (Hansen et al., 2002; Tabbara, 2003).  Inorganic and some organic N present 
in poultry manure can be easily extracted with water, increasing the risk of loss with runoff.  
Manure incorporation immediately after application has been demonstrated to reduce runoff 
N losses (Eghball and Gilley, 1999; Zhao et al., 2001).  For instance, when manure was 
incorporated into grassland soils, losses of total–N by runoff were significantly lower than 
surface applied manure (Pote et al., 2003).  Some authors have reported no difference in 
runoff concentration of NH4+–N between incorporated and non–incorporated manure (Little 
et al., 2005), whereas Angle et al. (1984) reported greater NH4+–N losses from a watershed 
with conventional tillage than from a watershed of primarily no–tillage system.  
Nitrate–N loss by surface runoff was also found to be affected by tillage system and 
the interaction with applied manure and fertilizer.  Greater concentrations of NO3¯–N in 
runoff from tilled plots compared to no–tillage has being reported by some authors (Eghball 
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and Gilley, 1999; Little et al., 2005), which they attributed to high NO3¯–N concentration in 
surface soil and the disturbance caused by tillage.  However, some studies suggested no 
significant difference in NO3¯–N concentration due to tillage (Smith et al., 2001; Zhao et al., 
2001).  Nitrate–N losses by surface runoff are typically variable and can be affected by initial 
soil moisture conditions (Eghball and Gilley, 1999).  Observed variability has also been 
attributed to differences in NO3¯–N concentration in the manure, and the presence of NO3¯–N 
in the soil surface which varies depending upon soil micro–conditions in the area of study.  
With the common corn–soybean rotation utilized by producers in the Midwestern USA, solid 
poultry manure is typically applied before corn planting, based on P or partial N application 
rates, and in tilled systems either incorporated within 24 h or more commonly left on the soil 
surface and incorporated at some later date. 
In Iowa, research efforts have focused on the effect of manure and fertilizer on 
subsurface N loss through tile drainage (Dinnes et al., 2002; Jaynes and Colvin, 2006; 
Bakhsh et al., 2007).  Other research has looked at the effect of conservation practices such 
as riparian buffers on surface nutrient lost from production fields (Eghball et al., 2000; Lee et 
al., 2000).  However, research on the effect of poultry manure on runoff N is lacking in the 
Midwestern USA region with local agricultural systems, including when manure is applied to 
soybean stubble.  The potential N enrichment of lakes and rivers by water runoff is a 
significant problem in the Midwestern USA.  The USEPA established recommended nutrient 
quality criteria with the purpose of diminishing problems associated with excess nutrients in 
water bodies in specific areas of the country, and for Iowa (ecoregion VI) the currently 
proposed levels of total–N for rivers and streams is 2.18 mg total–N L–1, and 0.78 mg L–1 for 
lakes and reservoirs (USEPA, 2002).  Therefore, research looking at manure–N runoff 
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potential from poultry manured production fields is needed.  The objectives of this study 
were to measure loss of N from surface runoff in field areas soon after poultry manure 
application, and determine the effect of manure application rate and incorporation on N loss. 
 
MATERIALS AND METHODS 
Experimental Sites 
The study was conducted on producers’ fields at nine sites in Iowa from 2004 to 2006 
(Table 1).  All sites were in a soybean–corn rotation.  Solid poultry manure was surface 
broadcast applied the fall or spring prior to corn planting, and included chicken layer, 
chicken broiler, and turkey (Table 2).  Poultry manure treatments included a control (no 
manure), a low rate intended to supply 84 kg total–N ha–1, and a high rate intended to supply 
168 kg total–N ha–1.  Manure was applied in strips of approximately 150- to 650-m long and 
9- to 18-m wide.  Dimensions varied based on field and manure applicator characteristics.  
Manure spreaders were calibrated prior to manure application using a portable weigh cells to 
determine the amount of manure applied to a know field area. 
Rainfall simulation experiments were superposed on strip areas with two 
incorporation treatments (non–incorporated and incorporated) established within each 
manure strip immediately after manure application.  The tillage was completed using a 
rototiller cultivator.  The experimental design consisted of a split plot in a randomized 
complete block.  The main plot was manure rate and the sub–plot was incorporation, 
consequently each experimental unit consisted of a factorial combination of poultry manure 
rate and incorporation treatment.  The area of study was chosen to meet a minimum of 1% 
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slope (Table 1).  The treatment combination was replicated three times.  Simulated rainfall 
was performed on each experimental unit within 48 h after manure application. 
Soil samples were collected from each experimental unit (0- to 15-cm) prior to 
manure application.  Samples were air–dried, ground to pass a 2–mm sieve and analyzed for 
NH4+–N, and NO3¯–N by extracting with 2 M KCl.  An aliquot of the extract was analyzed 
for NH4+–N  and NO3¯–N using a Lachat® flow injection analyzer (Lachat® Instruments, 
Milwaukee, WI) (Gelderman and Beegle, 1998).  Samples were analyzed for texture using 
the method of Kettler et al. (2001).  Soil pH was measured in a 1:1 water suspension and 
organic matter was determined by dry combustion using a LECO CHN-2000 analyzer (Leco 
Corp., St. Joseph, MI), (Nelson and Sommers, 1982).  
Manure samples were collected from each load at application time, with six samples 
per site.  Samples were kept frozen at –4 °C until analysis.  Samples were analyzed for total–
N by combustion using the Elementar Vario Max CN (Watson et al., 1998).  Ammonium–N 
by KCl extraction and determined on Lachat colorimetric autoanalyzer (Peters et al., 1998) 
and pH in a 1:2 solids:water ratio.  Manure samples were also analyzed for water extractable 
total–N, NH4+–N, and NO3¯–N using the extraction method of Kleinman et al. (2002). Water 
extractable total–N was determined by using persulfate to oxidize organic N and NH4+–N to 
NO3¯–N (Cabrera and Beare, 1993).  Ammonium–N and NO3¯–N was determined on Lachat 
colorimetric autoanalyzer. 
Rainfall Simulation and Runoff Water Analysis 
The portable rainfall simulator used was based on the design of (Miller, 1987) with 
minor modifications.  A VeeJet HH-SS50 WSQ nozzle (Spraying Systems, 90 Wheaton, IL) 
was used for water application, and was located 3 m above the center of the target area.  
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Three–sided boxes were constructed with sheet metal borders measuring 1.5-m wide by 2-m 
long, and 10-cm high, and set into the soil at approximately 7.5-cm depth.  A flume was 
placed on the open end of each box located down the slope to collect plot runoff.  Water from 
the spray nozzle was excluded from the flume by installing a cover over top.  The water was 
funneled into a plastic collection vessel using a 10-cm plastic pipe under the collection 
flume. 
Approximately 30 min prior to rainfall simulation plots were pre–wet at a rate of 7 L 
min–1 until runoff began.  Then rainfall was applied at 76 mm h–1 until 30 min of runoff had 
occurred and was collected.  The rainfall intensity and duration used in this study is 
considered to have an occurrence interval of approximately 10 yr in Iowa (Huff and Angel, 
1992).  All the resulting runoff was collected in one container, measured, and after stirring a 
500 ml sample was extracted.  The source water used for rainfall simulation was also 
sampled and analyzed. 
Immediately after collection, runoff samples were acidified and kept refrigerated at 
5°C until analysis.  A sub–sample was filtered using a 0.7 µm Whatman GF/F filter and 
analyzed for NH4+–N and NO3¯–N using a Lachat® flow injection analyzer (Lachat 
Instruments, Milwaukee, WI).  Unfiltered samples were digested for TKN analysis by a 
micro–Kjeldahl method using a Hach digestion apparatus (Hach et al., 1987).  Aliquots of 
digest were analyzed using non–accelerated micro–diffusion (Stevens et al., 2000).  Total–N 
loads were estimated by multiplying the N concentration by the respective runoff volume, 
and extrapolating to an area basis. 
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Statistical Analyses 
Runoff N concentration and load was found to follow a non–normal distribution, with 
high variance and proportional to the mean.  Typical ANOVA requires a Gaussian (normal) 
probability distribution.  Log–transformations of water quality and runoff data are typically 
used to produce Gaussian distributions (Ott, 1995; Little et al., 2005; Quilbé et al., 2005; 
Algoazany et al., 2007).  If a random variable W occurs such as Y = log (W) ~ N (µ, σ2), then 
W is considered to have a lognormal distribution.  Furthermore, skewed distributions with 
low mean values, large variances, and non–negative values often closely fit the lognormal 
distribution (Limpert et al., 2001).  Our data fits this definition, therefore, statistical analyses 
were completed using a Generalized Linear Mixed Model (GLMM), assuming a lognormal 
distribution, using site–years and blocks as random variables, and manure rate and 
incorporation as fixed variables. 
The statistical analyses were completed using the PROC GLIMMIX procedure in 
SAS (SAS Institute, 2003).  This procedure permits fitting models to data that have 
correlated or non–constant variability and is non–normally distributed, and allows the 
inclusion of random variables in the model (Littell et al., 2006).  When random variables are 
included, PROC GLIMMIX calculations are based on the pseudo–likelihood technique of 
Wolfinger and O'Connell (1993).  Mean values reported correspond to the geometric mean, 
also considered an estimator of the median under the assumption of symmetric distribution.  
Significant treatment differences were established at p ≤ 0.05. 
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RESULTS AND DISCUSSION 
Before poultry manure application, surface soil characteristics were evaluated by 
sampling and analysis of each experimental unit.  The soils from each site–year were 
classified as Mollisols, with silt content from 303- to 682-g kg–1, clay content from 134- to 
240- g kg–1, and organic mater from 24- to 81-g kg–1 (Table 1).  Analyses of N fractions in 
the poultry manure show significantly lower concentrations of water extractable NH4+–N 
compared to KCl extracted (Table 2).  Variability of total–N between manure sources was 
low, indicated by a coefficient of variation of < 20%.  Ammonium–N had considerable 
higher variability between sites, with a coefficient of variation of 51%.  Consistently larger 
concentrations of NH4+–N were found in samples used during the first year of the study.  
The adequacy of the statistical model used was demonstrated in part by an analysis of 
Pearson–Residuals, comparing the models based on Gaussian assumption and the GLMM 
using lognormal distribution.  The use of GLMM and lognormal distribution showed 
uncorrelated errors for describing the response data for TKN and NH4+–N concentration in 
runoff (Fig 1). Lognormal distribution for total load was similar to that of concentrations. 
Runoff concentration and load of TKN and NH4+–N was significantly affected by 
manure application rate and incorporation with tillage (Table 3).  Concentrations of TKN and 
NH4+–N in runoff increased proportionally to manure application rate, and overall 
concentrations were greater when manure was not incorporated (Fig. 2).  When manure was 
not incorporated, the effect of application rate had overall lower p values for concentrations 
and load of TKN, NH4+–N, and NO3¯–N (Table 3).  This implies a more consistent and clear 
effect of rate with non–incorporated conditions.  Lower concentrations of NH4+–N found 
with incorporated compared with non–incorporated manure was consistent with other studies 
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(Eghball and Gilley, 1999; Zhao et al., 2001).  Values obtained for NH4+–N load are 
consistent with that of previous research (Little et al., 2005; Franklin et al., 2007).  Tillage 
did not increase runoff concentration of NH4+–N in the control when manure was not 
applied, but did increase TKN concentration.  This indicates greater soil loss (and soil N) 
with runoff after tillage.  Ammonium–N losses with manure application were reduced to 
background levels when manure was incorporated (a decrease of approximately 90%). 
Total Kjeldahl N concentration followed a similar trend as with NH4+–N, and overall 
concentration was reduced when manure was incorporated (Fig. 2A).  However, when no 
manure was applied, mean TKN concentration in runoff was greater in the incorporated plots 
(Fig. 2A).  Considering that the TKN analysis was completed on unfiltered samples, when no 
manure was applied the greater TKN concentration found in the incorporated treatment 
compared to non–incorporated treatment can be attributed to sediment loss due to disturbance 
caused by tillage.  Franklin et al. (2007) also found that total–N losses were greater from 
conventional tillage compared to minimum tillage.  These results were not the same when 
poultry manure was applied, as total–N losses were significantly greater on non–incorporated 
plots.  This clearly indicates that immediately after poultry manure application, non–
incorporated systems can lose more soluble N fractions with runoff, and that incorporation of 
manure immediately after application reduces total–N losses by approximately 50%. 
Concentrations of NO3¯–N in runoff were below 2.5 mg kg–1 for all treatment 
combinations and no significant effect from manure application or incorporation was found 
(Table 3 and Fig. 2C).  The NO3¯–N concentration in the poultry manure was very low, thus 
one would not expect an increase in NO3¯–N in runoff shortly after poultry manure 
application.  Increase in soil NO3¯–N concentrations after manure application depends upon 
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favorable nitrification conditions and time for nitrification to occur.  With the simulated 
rainfall being applied within 2 d of manure application, significant nitrification of the manure 
NH4+–N would likely not have occurred.  Also, with NO3¯–N being highly soluble in water, 
it would be expected that applied water to pre–wet the sites would predominantly move 
NO3¯–N into the soil with initial infiltration rather than with subsequent runoff.  Nitrate–N 
losses measured confirm that runoff events shortly after poultry manure application would 
not contribute significantly to NO3¯–N in surface waters.  This is also supported by the 
outcome of previous research that indicates NO3¯–N losses occur primarily by subsurface 
drainage rather than surface runoff (Zhao et al., 2001; Little et al., 2005), and is typically not 
affected by application of animal manure (Eghball and Gilley, 1999; Miller et al., 2006).  
Nutrient total load (adjusted for runoff volume) followed similar treatment response as 
concentrations (Fig. 3).  
We attempted to correlate N in runoff with the various N fractions analyzed in the 
manure.  Runoff total–N and NH4+–N showed significant and positive correlation 
coefficients with all measured manure N fractions (except NO3¯–N) (Table 4), where 
increased manure TKN and NH4+–N fractions resulted in significant increase in runoff N 
with manure application, and for both incorporation and non–incorporation.  Runoff NO3¯–N 
had no correlation with measured manure N forms.  When manure was not incorporated, 
runoff was highly affected by manure N, as expressed by overall larger values of Pearson 
correlation coefficients.  Manure application rates (dry weight basis) was highly (positively) 
correlated with runoff TKN and NH4+–N for both incorporated and not incorporated 
treatments.  The effect of incorporation is evident as the TKN in runoff water is significantly 
greater and more variable when manure is not incorporated (Fig 4). 
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CONCLUSIONS 
Nitrogen from poultry manure surface applied to fields with soybean residue was 
susceptible to runoff losses from rainfall shortly after application.  Ammonium and TKN 
losses increased as manure rate increased when not incorporated, and when incorporated 
losses increased with increasing manure rate only for TKN.  Incorporation of manure 
significantly reduced TKN and NH4+–N concentration and load in runoff water, with a much 
greater relative reduction in NH4+–N.  Incorporation of manure reduced NH4+–N 
concentration and load in runoff to near the levels without manure being applied.  As 
expected, tillage increased sediment TKN load, but not to the extent of TKN load increase 
with manure application.  The NO3¯–N concentration and load in runoff water was at 
background levels with or without incorporation, and no differences were found among 
manure application rates or sources.  Although TKN and NH4+–N losses increased with 
manure application, overall losses were reduced by approximately 50% for TKN and 90% for 
NH4+–N with tillage compared to not being incorporated. 
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Table 1. Soil and soil characteristics in the rainfall simulation study areas, sampled at the 0- to 15-cm depth prior to manure application 
and tillage, average across all plots. 
 Soil           
Location Series Subgroup Slope Res† Sand  Silt Clay OM‡ Total–N NH4+–N NO3¯–N pH 
   - - - - % - - - -   - - - - - - - - - - g kg–1 - - - - - - - - -   - - - - mg kg–1- - -  
2004 
Bremer Readlyn Aquic Hapludoll - - - - 382 420 198 33 1.7 6 21 7.3 
Union Sharpsburg Typic Argiudoll 4.2 50 176 599 225 40 1.9 7 14 6.8 
Union Sharpsburg Typic Argiudoll 2.5 60 219 599 182 47 2.3 8 36 6.6 
2005 
Greene Clarion Typic Hapludoll 1.6 90 563 303 134 27 1.5 5 6 6.3 
Buena Vista Primghar Aquic Hapludoll 2.0 93 171 657 172 38 2.4 6 10 5.9 
Cherokee Galva Typic Hapludoll 2.0 80 125 682 193 45 2.1 7 19 6.2 
2006 
Washington Nevin Pachic Argiudoll 1.6 87 437 357 206 24 1.3 5 11 6.2 
Dallas Clarion Typic Hapludoll 1.9 80 375 412 213 36 1.7 6 13 6.4 
Wright Okoboji Vertic Endoaquoll 1.0 95 243 517 240 81 3.0 5 9 7.8 
†
 Res, residue cover for the non–incorporated control plots.  Tillage decreased residue cover on average from 35 to 77 %. 
‡
 OM, soil organic matter.  
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Table 2. Manure characteristics for samples collected immediately before application and manure application rates. 
     Water extractable†  Manure applied† 
Site Source Moisture Total–N† NH4+–N† Total-N NH4+–N NO3¯–N   Low rate High rate 
       - - - - - - - - - - - - - - - - - - - g kg–1 - - - - - - - - - - - - - - - - - - -  - - - - - Mg ha–1 - - - 
2004 
Bremer Layer 478 56 20 28 16 0.5  1.9 3.6 
Union 1 Broiler 493 56 19 28 15 0.6  2.2 4.2 
Union 2 Broiler 484 62 20 29 16 0.4  2.2 4.3 
2005 
Greene Layer 152 45 4 23 2 0.8  3.1 7.0 
Buena Vista  Turkey 390 45 9 25 8 0.8  1.7 2.9 
Cherokee Turkey 365 42 9 22 7 0.6  1.2 2.8 
2006 
Washington  Turkey 328 30 7 13 5 2.4  8.2 14.0 
Dallas  Pullet 271 54 5 23 4 0.4  3.8 5.9 
Wright Pullet 272 59 9 22 6 0.3   3.2 6.7 
†
 Analysis and application rates on a dry matter basis. 
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Table 3. Statistical significance of manure rate and incorporation on runoff concentration and load of 
TKN, NH4+–N, and NO3¯–N with rainfall simulation. 
     Concentration  Load 
Variable TKN NH4+–N NO3¯–N   TKN NH4+–N  NO3¯–N 
   - - - - - - - - - - - - - - - - - - - - - p > F - - - - - - - - - - - - - - - - - - - - - 
Rate 0.048 0.001 0.813  0.001 0.001 0.407 
Incorporation 0.001 0.001 0.577  0.060 0.001 0.062 
Rate × Incorporation 0.008 0.001 0.096  0.015 0.003 0.236 
 Rate simple effect for:        
 Non–incorporated 0.001 0.001 0.302  0.001 0.001 0.345 
  Incorporated 0.017 0.029 0.515   0.0723 0.021 0.305 
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Table 4. Pearson correlation coefficients and probability for runoff N concentrations (total–N, NH4+–N, and 
NO3¯–N) and manure rate, runoff sediment, and manure N fractions. 
 Manure Runoff Manure Analysis  Manure Water Extractable 
Runoff N applied† Sediment Total–N NH4+–N Org–N‡   Total–N NH4+–N NO3¯–N 
Incorporated 
NH4+–N 0.63* -0.17 0.52* 0.63* 0.49*  0.46* 0.35* 0.66* 
Total–N 0.40* 0.29* 0.37* 0.46* 0.34*  0.33* 0.49* 0.28* 
NO3¯–N 0.04 0.06* 0.07 0.09 0.05  0.12 0.40* -0.12 
Non–incorporated 
NH4+–N 0.54* 0.35* 0.49* 0.57* 0.44*  0.49* 0.69* 0.40* 
Total–N 0.61* 0.1 0.52* 0.63* 0.47*  0.50* 0.62* 0.54* 
NO3¯–N -0.17 0.06 -0.15 -0.19 -0.14  -0.12 -0.08 -0.16 
* Significant at the 0.05 probability level. 
†
 Manure applied in kg ha–1 dry weigh basis. 
‡
 Org–N, organic N. 
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Fig. 1. Pearson residuals as affected by selected model.  Model with Gaussian assumption 
had increasing variance and proportional to the mean.  The use of GLMM with 
lognormal data distribution provides a uniform residual distribution. 
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Fig. 2. Total Kjeldahl N (TKN), NH4+–N, and NO3¯–N concentration in water from runoff as 
affected by manure rate and incorporation.  Error bars indicates 95% confidence limit 
of the mean, with statistical significance of treatments found in Table 3. 
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Fig. 3. Total Kjeldahl N (TKN), NH4+–N, and NO3¯–N loads in water from runoff as affected 
by manure rate and incorporation.  Error bars indicates 95% confidence limit of the 
mean, with statistical significance of treatments found in Table 3. 
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Fig. 4. Manure water extractable total–N applied and relationship to total Kjeldahl N (TKN) 
concentration in runoff as affected by incorporation. 
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CHAPTER 7. GENERAL CONCLUSIONS 
 
This research was conducted to evaluate the use of poultry manure as source of N for 
corn production in Iowa.  The research included laboratory incubations, small plot field 
research and on–farm field scale studies designed to estimate the supply of plant–available N 
to corn.  Moreover, the potential environmental impact of poultry manure land–application 
was also studied by evaluation of N loss in runoff from surface broadcast applied poultry 
manure.  Studies were conducted with specific objectives that were the focus of manuscripts 
to be submitted to journals of the American Society of Agronomy. 
The laboratory incubation study showed that layer (Gallus gallus domesticus) and 
turkey (Melleagris gollopavo) manure sources provided high levels of potentially available N 
(PAN), with an estimated PAN of 66% of total manure–N for layer and 55% for turkey.  The 
hydrolysis, mineralization, and nitrification processes took place rapidly as the accumulation 
of NO3¯–N took place within the first 14 d of incubation.  The poultry manure sources did not 
provide a slow supply of PAN as the accumulation of NO3¯–N did not increase with further 
incubation.  This indicates that the NO3¯–N used to estimate PAN was originating mainly 
from the NH4+–N and uric acid–N components of the poultry manure sources, 55% of total–
N for layer manure and 43% for turkey manure.  However these values are lower than 
estimated PAN, suggesting an additional source of readily mineralizable N in the manure.  
Analyzing the manure sources for water soluble N (WSN) increased the fraction of total–N to 
66% and 58%, respectively, for the layer and turkey manure.  These WSN values are very 
close to the estimated PAN for each manure source. 
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The application timing study result showed similar corn response to poultry manure N 
with late fall, winter, and spring application timing.  Chlorophyll meter readings (CM), grain 
yield, and grain N uptake (GNU) were not statistically different between the three application 
times.  Late spring soil NO3¯–N concentrations were highest with spring manure and 
fertilizer N application, intermediate with winter application, and lowest with fall application.  
However, these differences were not reflected in corn N response.  Late fall application when 
soil temperature is <10°C, despite similar corn response, should not be considered a 
completely safe practice as NO3¯–N loss is possible as demonstrated by lower soil NO3¯–N 
concentrations with fall compared to spring application.  Soil NO3¯–N concentration and corn 
response was the same for the layer and turkey manure.  Estimated first–year crop 
availability of poultry manure N was statistically the same for the layer and turkey manure 
sources.  Based on equivalence to fertilizer N, crop availability of manure total–N was 
estimated at 42% using corn leaf CM readings, 48% using grain yield, and 55% using GNU. 
In the on–farm field studies, the layer, broiler, and turkey manure sources used clearly 
supplied crop available N for corn production.  Across all N responsive sites and poultry 
manure sources, the statistical confidence interval indicated that based on grain yield 
response about 37 to 51% of applied poultry manure total–N was available to corn in the year 
of application.  Using post harvest corn stalk NO3¯–N concentration resulted in an estimated 
N availability at 45%, similar to that determined with grain yield response.  Corn leaf 
chlorophyll meter readings resulted in a lower and perhaps underestimated availability at 
35%.  Since poultry manure applications included fall, winter, and spring timing, surface 
manure application with same–day to much delayed incorporation, and comparison to 
fertilizer applied shortly after planting, any manure N losses from the soil system due to 
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different application timing or volatilization would also be included in the estimates of 
poultry manure crop N availability.  However, the availability estimates do reflect supply of 
N from poultry manure sources with commonly used manure management practices, and 
therefore reflect estimates that would be useful for producers as they use poultry manure as N 
source in corn production. 
A rainfall simulation study showed that N from poultry manure surface applied to 
fields with soybean residue was susceptible to runoff losses from rainfall shortly after 
application.  Incorporation of manure significantly reduced TKN and NH4+–N concentration 
and load in runoff water, with a much greater relative reduction in NH4+–N.  The NO3¯–N 
concentration and load in runoff water was low and at background levels with or without 
incorporation, and no differences were found among manure application rates or sources.  
This would be expected as the poultry manure sources contained little NO3¯–N.  Although 
TKN and NH4+–N losses increased with manure application, overall losses were reduced by 
approximately 50% for TKN and 90% for NH4+–N with tillage compared to not being 
incorporated. 
This research employed the fertilizer equivalency method for estimation of poultry 
manure N availability by using corn grain yield response.  However, some innovative 
approaches for poultry manure N availability estimation was also investigated, including in 
season plant sensing using the SPAD CM, end of season corn stalk NO3¯–N, corn GNU 
response, and inorganic soil N.  Poultry manure N characteristic as related to N availability 
was also investigated by evaluating PAN in poultry manure as well as potentially useful N 
availability index. 
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Overall, the results of these research studies showed that poultry manure is a viable N 
resource for corn production across a wide range of soils and production conditions, 
however, estimated values of plant availability imply the need for supplemental fertilizer N 
with the poultry manure rates commonly applied by producers to corn fields in Iowa.  Using 
commonly practiced field manure application and cropping conditions, this study provided 
estimates of poultry manure crop available N supply that should be expected by producers 
using poultry manure as a N source in their corn production systems.  These estimates would 
include volatile N losses.  To simplify producer estimation of poultry manure N supply, 
separate accounting for volatile losses may not be necessary and only use of the first-year 
crop N availability values found in this research would be necessary. 
 
